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ABSTRACT 
The primary focus of this research was on the development of three electrochemical 
sensing systems for the detection of Bisphenol A (BPA) - an endocrine disrupting 
compound. Studies of health effects on humans associated with BPA exposures 
reported increased risks of heart diseases, coronary diseases, diabetes and cancer. 
In recent years, the concern over the effects of BPA on humans has been 
highlighted by the fact that infants and children are estimated to have the highest 
daily intake of BPA. Electrochemical methods of detection for BPA have proven to 
be the most effective and practical ones, when compared conventional techniques 
such as chromatography. However, the electro-oxidation of BPA is an irreversible 
process with products that cause surface fouling of electrodes, which always limits 
the electro-detection of BPA. This surface fouling of electrode surfaces is 
considered a major challenge on electro-analytical based techniques for 
determining not only BPA molecule but also other phenolic molecules. To mitigate 
this major issue, this dissertation reports the use of a regenerable exfoliated graphite 
(EG) electrode. Regeneration was achieved by mechanical polishing of the robust 
electrode on emery paper. To improve the performance of the method, the electrode 
was modified with silver nanoparticles (AgNPs). The presence of AgNPs on the 
electrode surface (or the success of modification) was validated by the Ag+/Ag redox 
behaviour of the electrode in 10 mM phosphate buffer solution (PBS), pH 7.2 at 
potentials 380 and 620 mV for the oxidation of AgNPs, and at -80 mV for the 
reduction of Ag cations (using cyclic voltammetry (CV)). Energy dispersive X-ray 
(EDX) spectroscopy, scanning electron microscopy (SEM) and x-ray diffraction 
(XRD) spectroscopy were also used to corroborate that AgNPs were successfully 
deposited on the EG electrode. The redox chemistry of BPA on the AgNPs-EG 
electrode was pH dependent and involved a two-electron process, as interpreted 
from a 55.69 mV.pH-1 value obtained from pH studies. At the optimised pH of 9.0, 
BPA was effectively detected within a linear range of 5.0 – 100 µM, with a detection 
limit of 0.23 µM using square wave voltammetry (SWV), which was lower than most 
reported limits on literature.   
vii 
This dissertation further reports the mitigation of fouling by relying on the 
biorecognition of BPA for its detection, rather than its oxidation. To this end, two 
immobilisation platforms were prepared on glassy carbon electrodes to effectively 
wire single stranded DNA aptamers and form two biosensors. The first platform was 
that of a composite of carbon nanofibers and silver nanoparticles (AgCNFs) drop 
casted onto GCE. The composite was synthesised via an in-situ growth method and 
was characterised using XRD, EDX and TEM, which showed the presence of silver 
on the surface of CNFs. Voltammetric experiments showed that the platform 
(GCE/AgCNFs) exhibited a reversible electrochemistry in a redox probe (Fe(CN)63-
/4-). The charge transfer resistance (Rct) from EIS experiments also indicated that 
electro-kinetics of the system were improved by the incorporation of AgNPs. The 
biosensor was formed by immobilising a thiolated aptamer (SH-Apt) onto the 
nanoplatform through the Ag-S covalent linkage to form GCE/AgCNFs/SH-Apt. The 
bioelectrode responses to target BPA gave a dynamic linear range of 0.5 – 10 nM 
and a detection limit of 0.39 nM, which was based on the specific and high affinity 
of the aptamer towards BPA molecules. The prepared biosensor was reproducible, 
specific to BPA in the presence of other interfering species such as 17α-
ethynylestradiol, β-estradiol, 4-nitrophenol, 3-chlorophenol, phenol, and 4-
phenylphenol. Lastly, when tested for stability for a period of two weeks at 4 °C, the 
biosensor was able to retain more than 80% of its initial current response. 
 
The second immobilisation platform composed of amine surface-modified carbon 
nanofibers (CNFs), achieved via a hydrothermal treatment of CNFs and G3 poly 
(propylene imine) dendrimer (PPI). The product (CNFs-PPI) was dropped on GCE 
to form GCE/CNFs-PPI, which proved to be suitable for aptamer immobilisation. 
Through the use of glutaraldehyde as a cross-linker, PPI peripheral amine groups 
on the platform formed a strong covalent bond with an aminated aptamer probe 
(NH2-Apt), forming GCE/CNFs-PPI/NH-Apt (aptasensor). This immobilisation was 
validated by cyclic voltammetry (CV) and fourier transmission infrared spectroscopy 
(FT-IR). Under optimised experimental conditions, the aptasensor responses to 
target BPA based on differential pulse voltammetry (DPV) and electrochemical 
impedance spectroscopy (EIS) gave detection limits of 0.03 nM and 0.06 nM, with 
linear ranges of 0.1 – 10 nM and 1 – 10 nM, respectively. Moreover, the aptasensor 
exhibited satisfactory reproducibility and was able to discriminate BPA from 
viii 
interfering species. The three sensing systems fabricated in this research (the 
AgNPs-EG based sensor and the two aptamer-based biosensors) were all applied 
in real samples for BPA detection and all presented recoveries between 91.8% to 
123.6%. 
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The endocrine system includes a number of significant physiological processes that 
control different pivotal functions in which hormones act as chemical messengers to 
regulate and coordinate the human body. A balanced network of these hormones is 
maintained by the endocrine system, each at the correct concentration and all acting 
in synchrony with one another at exactly appropriate times. Due to urbanisation and 
industrialised economies, chemicals that have the ability to interfere with the action 
of human hormones have been released into the environment. Exposure to 
endocrine disrupting chemicals (EDCs) changes the normal functioning of the 
body’s endocrine system and this has consequently contributed to adverse health 
problems inclusive of developmental, reproductive, neurological, cardiovascular, 
metabolic and immune effects [1]. Furthermore, EDCs are also believed to be linked 
to the increasing rates of breast cancer, which contributes to about 23% of the 
cancer cases globally and also accounts for the second largest number of deaths 
amongst all cancers [2, 3]. Evidence indicates that the African continent is implicated 
in the list of victims of endocrine disruption, and amongst this list of continents, the 
African population is at the highest susceptibility [3-9]. While South Africa has played 
a leading role in advancing the regulation of production and importation of some 
EDCs to reduce mortality rates in Africa, the burden of endocrine-related diseases 
still continues to increase. 
 
Common industrial and household products have been released into the 
environment with/or without prior knowledge of their adverse impact on human 
health. These include phthalate plasticizers, surfactants, polychlorinated biphenyls, 
dioxins, alkylphenols and bisphenol A [10]. Within the reported synthetic EDCs, 
bisphenol A is one of highest volume of chemicals produced worldwide, with an 
estimated global production of over billion pounds/year [11-13]. As a result, human 
exposures are widespread, and populations may be exposed to elevated levels. The 
driving force for the growing bisphenol A demand is the plastic industry, where about 
95% of bisphenol A produced is used in the manufacture of polycarbonates and 
epoxy resins. These products are often used in the production of food and beverage 
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containers. The remaining 5% is then employed in the manufacture of everyday 
products such as electrical and electronic equipment, medical devices and thermal 
paper (often used in register receipts) [12-14]. Despite the fact that the use of 
bisphenol A in industry contributes to the country’s economic growth, its detrimental 
effects on the living environment is of huge concern and challenge. 
 
Bisphenol A in food/beverage packaging is of greatest concern due to its tendency 
to leach into the packaged products. Small amounts of bisphenol A may be released 
from the polycarbonate or epoxy resin with time, due to incomplete polymerisation 
in the manufacture of the material or due to unstable bonds in the polymer products. 
As a result, trace amounts of residual bisphenol A are usually detected in foods and 
liquids stored in containers made from or lined with bisphenol A-containing materials 
[15]. Ingestion of such contaminated edibles is believed to be the main source of 
bisphenol A in humans. Other exposures can come from non-dietary sources such 
as air, dust and handling bisphenol A containing thermal papers [16, 17]. 
 
1.2 Problem statement and research motivation 
There has been an increasing concern about the impacts of exposure to chemical 
compounds with endocrine disrupting activities in humans, and in the environment 
as well. South Africa is known to be amongst countries with ubiquitous endocrine 
disrupting chemicals, with these chemicals reported in various matrices [18-22]. 
Bisphenol A has been implicated in these reports, thus threatening the human health 
owing to its known estrogenic activity. Individuals exposed to bisphenol A suffer 
adverse health effects that include reproductive disorders [16], neurological 
disorders [23], metabolic disorders [24], developmental disorders [25] and 
cardiovascular disorders [26]. 
 
Human exposure to bisphenol A in the environment arises from various sources that 
include diet (release and migration from packaging materials into food), 
environmental media (consumption of contaminated water from manufacturing 
sites) and dermal absorption (handling of register receipts), amongst others. In 
South Africa, elevated levels of bisphenol A were detected in drinking water, 
Chapter 1: Introduction 
  3 
wastewater and ground water [19]. Hence, the need to detect and quantify EDCs 
such as bisphenol A in in various matrices cannot be overemphasised. 
 
Various analytical technologies have been reported for bisphenol A detection, such 
as high-performance liquid chromatography (HPLC), gas chromatography (GC), 
high performance liquid chromatography coupled with mass spectrometry (HPLC-
MS), gas chromatography coupled with mass spectrometry (GC-MS) and enzyme-
linked immunosorbent (ELISA). However, the application of these techniques is 
restricted by several factors. For example, immunoassay-based methods are 
strongly dependent on the quality of the prepared antibody. Furthermore, the 
method is susceptible to non-specific binding of the antibody (binding to structurally 
similar bisphenol derivatives such as bisphenol B) which might lead to false results. 
Other methods such as chromatographic techniques require time-consuming 
sample preparations, expensive apparatus and skilled personnel to operate [27-30]. 
 
On the other hand, electrochemical methods (electrochemical sensors) have been 
applied in the detection of bisphenol A and have proven to offer advantages in terms 
of simplicity, fast analysis and lower costs [31-33]. However, despite the success 
accomplished by these methods in the monitoring of EDCs such bisphenol A [10, 
34], there still exist a need to improve their figures of merit (dynamic range, limit of 
detection and sensitivity). Electrochemical sensing of bisphenol A (and all other 
phenolic compounds in general) is always associated with electrode fouling as a 
result of bisphenol A oxidation products adsorbing on electrode surfaces, which 
causes a poor performance of the method [29, 35]. Hence, there is a quest for 
improvement of electrochemical sensors in order to mitigate or avoid electrode 
fouling. 
 
Exfoliated graphite (EG) has found applications as a robust electrode in 
electrochemical sensors owing to its excellent conductivity, ease of preparation, 
compressibility and mechanical strength [36, 37]. These attributes allow for the 
regeneration/renewal of electrode surfaces by simply polishing on emery paper. 
Hence, this work reports the compression of EG into pellets and their employment 
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as electrochemical sensors for the detection of bisphenol A. Herein, electrode 
fouling is tackled by mechanical polishing of insulated surfaces. 
 
Another approach in the quest of improving sensors is through their integration with 
bioreceptors (moving from sensors to biosensors). Aptamers are bioreceptors with 
high specificity and affinity for their targets. They are single stranded DNA or RNA 
sequences that are selected in-vitro by systematic evolution of ligands by 
exponential enrichment (SELEX) [38]. Since the protocol of aptamer-based 
biosensors (aptasensors) is well-documented in literature, it is possible to develop 
aptasensors for bisphenol A detection. Hence, a 63-mer bisphenol A aptamer was 
used in this work to develop two aptasensors. Herein, glassy carbon electrodes 
were modified with selected nanomaterials to improve sensitivity. The 
nanomaterials of choice acted as signal amplifiers, as well as biocompatible layers 
and linkage sites at the electrode surfaces for the immobilisation of the aptamers. 
The aptamers improved the specificity of the biosensors and fully overcame 
electrode fouling by biologically recognising target bisphenol A, instead of electro-
oxidising it. 
 
1.3 Aims and objectives 
1.3.1 Aims 
The aim of this study is to develop an electrochemical sensor and aptamer-based 
biosensors for the detection of bisphenol A based on noble metal nanoparticles 




• Preparation of exfoliated graphite (EG) through intercalation and exfoliation. 
 
• Synthesis of silver nanoparticles (AgNPs) using sodium borohydride 
reduction and citrate stabilisation. 
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• Functionalisation of the as-prepared exfoliated graphite with silver 
nanoparticles to form a silver-exfoliated graphite nanocomposite (AgNPs-
EG). 
 
• Chemical oxidation of commercial carbon nanofibers (CNFs) through acid 
treatment to introduce oxygen containing functional groups and impart a 
negative surface charge. 
 
• Surface functionalisation of the oxidised CNFs with AgNPs, through Ag+ 
electrostatic attraction and reduction. 
 
• Surface modification of commercial CNFs with poly (propylene imine) 
dendrimer (PPI) amine functional groups using hydrothermal means, to form 
a (poly propylene imine) - carbon nanofiber composite (CNFs-PPI). 
 
• Characterisation of the as-synthesised and functionalised nanomaterials 
using TEM, SEM, EDX, XRD, FT-IR, UV-Vis, Zeta-sizer and CHNS elemental 
analyser. 
 
• Electrode fabrication and modification with the as-prepared nanomaterials, 
followed by electrochemical characterisation using cyclic voltammetry (CV), 
and electrochemical impedance spectroscopy (EIS). 
 
• Immobilisation of single stranded DNA probes to construct biosensors - 
GCE/AgCNF/SH-Apt and GCE/CNFs-PPI/NH-Apt. 
 
• Optimisation and evaluation of the constructed (bio) sensors’ performances 
on standard and real samples using square wave voltammetry (SWV), 
differential pulse voltammetry (DPV) and electrochemical impedance 
spectroscopy (EIS). 
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1.4 Dissertation hypothesis 
Exfoliated graphite can serve as a surface renewable electrode for the 
electrochemical detection of bisphenol A so as to minimise the effect of fouling. 
Aptamer-based biosensors, conjugated with selected nanoparticles can be used as 
another route for completely avoiding electrode fouling in the detection of bisphenol 
A. 
 
1.5 Dissertation outline 
The outline of this dissertation is as follows: 
 
• Chapter 2: This chapter presents the concept of the human endocrine 
system and its disruption. The chapter also gives a detailed review on 
bisphenol A, its background, human exposure and toxicity. Furthermore, 
methods of detection for bisphenol A, their principles as well as their merits 
are explained in this chapter. 
  
• Chapter 3: This chapter entails an overview of the research design, 
outlines the general experiments and preparation of solutions used in this 
work. The chapter also gives an explanation of the various analytical and 
characterisation techniques used. 
 
• Chapter 4: This chapter presents the methodology, results and 
discussions from the investigation of a silver loaded exfoliated graphite 
nanocomposite (AgNPs-EG) electrode for electrochemical sensing of 
bisphenol A in thermal paper samples. 
 
• Chapter 5: This chapter presents the methodology, results and 
discussions of electrochemical biosensing of bisphenol A based on a platform 
prepared from composite of carbon nanofibers and silver nanoparticles. 
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• Chapter 6: This chapter presents the methodology, results and 
discussions on the immobilisation of an -NH2-functionalised ssDNA probe on 
a poly (propylene imine) dendrimer-carbon fibrous platform, and the 
application of this system for bisphenol A detections. 
 
• Chapter 7: This chapter concludes all works covered in this dissertation, 
challenges and recommendations for future works. 
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This chapter presents a brief introduction to the human endocrine system. Health 
issues associated with endocrine disruption are reviewed, with bisphenol A as a 
model endocrine disrupting chemical. Furthermore, relevant detection strategies for 
bisphenol A are visited, with a primary focus on electrochemical methods. 
Immobilisation chemistries and methodologies used in electrochemical biosensor 
development, such as EDC-NHS carbodimide linkage, streptavidin-biotin 
interactions and thiol-metal interactions are explained in this chapter, with the recent 
examples from literature. Finally, the synthesis and application of carbon-based 
nanomaterials, metal nanoparticles and dendrimers, and also their incorporation 
into sensing systems as an approach to improving detection limits are reviewed. 
 
2.2 The endocrine system and endocrine disrupting chemicals 
Over the last couple of decades, there has been a growing concern about the 
increasing concentration of various anthropogenic chemicals, which possibly disrupt 
the endocrine system in humans within the environment. This has led to the U.S. 
Environmental Protection Agency (USEPA) defining endocrine disrupting chemicals 
(EDCs) as “exogenous chemical substances or mixtures that alter the function(s) of 
the endocrine system and thereby causing adverse effects to an organism, its 
progeny or (sub) population” [1]. The endocrine system regulates several 
developmental, metabolic and reproductive processes such as embryonic 
development, gonadal formation, sex differentiation, insulin production, growth and 
digestion. This system is reliant on chemicals, called hormones, which are produced 
by endocrine glands and released into the blood stream. The hormones are then 
circulated round the body in the blood and eventually reach their specific target 
organs (endocrine receptors) where they perform physiological functions. Some of 
essential glands include the pituitary gland, thyroid gland, adrenal gland, pancreas, 
ovaries and testes, with their secreted hormones being growth hormone, thyroxine, 
adrenaline, insulin, oestrogen and testosterone respectively. EDCs affect these 
processes by interacting with various endocrine receptors (either by mimicking 
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hormones or blocking their binding), thus causing adverse health effects that include 
cancer [2], diabetes [3], miscarriages and premature deliveries [4], obesity [5], 
infertility [6], liver damage [7], cardiovascular diseases [8] and so on. A variety of 
compounds associated with endocrine disruption include common industrial and 
household products such as polychlorinated biphenyls, dioxins, triclosan, 
diisodecylpthatalate, benzylparaben, propylphenol, nonylphenol, bisphenol A and 
some pesticides [9]. 
 
Since the first report on the oestrogenic properties of bisphenol A in the 1930’s [10], 
a substantial number of comprehensive reports have been published on the effects 
of human exposure to bisphenol A. The xenoestrogen’s chemical structure is 
analogous to that of oestrogens, rending its ability to bind to oestrogen receptors 
(even at very low concentration), and thus inducing endocrine disruption [11-14]. 
The para-hydroxyl groups present in the chemical structure of bisphenol A and in 
that of oestrogens bind to oestrogen receptors by forming hydrogen bonds with 
specific amino acid side chains and by hydrophobic bonding (van der Waals forces) 
to the remainder ring [11, 15, 16]. Figure 2.1 and 2.2 show structural similarities of 
the exogenous bisphenol A and the four endogenous oestrogens. 
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Figure 2.1: Chemical structures of the four endogenous oestrogens: a) estrone 
(E1); b) 17β-estradiol (E2); c) estriol (E3) and d) estetrol (E4). 
 
Oestrogens are responsible for the regulation of reproductive functions and 
secondary sex characteristics in females, including the development of breasts. As 
stated above, they are produced mainly by ovaries and then secreted to prepare a 
favourable uterine environment for fertilisation, implantation of a fertilised egg, and 
maintenance of the early embryo. Furthermore, they also regulate other 
physiological processes in the brain, liver, and cardiovascular system. Therefore, 
environmental chemicals, such bisphenol A, which are able to interfere with the 
action of these female sex hormones, have the potential to have detrimental effects 
on the female body (such as increased incidences of breast cancer). Although 
generally known as female sex hormones, oestrogens are also produced in low 
concentrations by the testes, and thus play essential physiological processes not 
only in females, but in males as well. Exposure of males to high concentrations of 
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In addition to its oestrogenic activity, bisphenol A has also been reported to bind to 
thyroid hormone receptors, thus also acting as a thyroid hormone antagonist [21-
25]. The thyroid hormonal system regulates the intermediary metabolism, the 
cardiovascular system, energy intake and thermogenesis in humans. Normal 
concentrations of thyroid hormones are also important for brain and skeletal 
development in young people. Disturbance of this system by bisphenol A may have 
endless aftereffects for the human health such as low intelligence quotient (IQ), 
delayed language development, and poorer attention and memory skills in offspring. 
 
2.3 Bisphenol A 
2.3.1 Properties of Bisphenol A 
Bisphenol A (BPA) is commonly known as 2,2’-bis(4-hydroxyphenyl) propane / 4,4’-
Isopropylidenediphenol, an organic compound made of two phenol rings, linked by 
an alkyl bridge, with two methyl functional groups attached to the bridge (Figure 
2.2). BPA is a greyish and odourless powder that is a solid at room temperature. It 
is characterised by a molecular formula of C15H16O2, a molecular weight of 228.29 
g.mol-1 and is a reasonably water-soluble compound with a solubility of 120-300 
mg.L-1, a density of 1.04 g.cm-3, and a melting and boiling point of 153 and 360.5 °C 




Figure 2.2: Chemical structure of BPA. 
  
Chapter 2: Literature review 
  17 
2.3.2 Historical Background of Bisphenol A 
BPA was reported for the first time in 1891 by a Russian chemist, Aleksandr P. 
Dianin. It was then later synthesised in 1905 by Thomas Zincke through a 
condensation reaction of one molecule of acetone and two molecules of phenol in 
the presence of an acid catalyst (Figure 2.3). It was only in the mid-1930 when 
Edward Charles Dodds, a British medical researcher at the University of London, 
noticed the oestrogenic properties of BPA [17, 28]. 
 
 
Figure 2.3: The synthesis of BPA. 
 
2.3.3 Global production, industrial and commercial uses 
According to the report “Global bisphenol A Market outlook (2017-2026)”, the global 
market of BPA was reported to have reached $17.69 billion in 2017, and this is 
expected to reach $31.19 billion by the year 2026, growing at a CAGR (Compound 
Annual Growth Rate) of 6.5% [29]. The increasing global demands of 
polycarbonates and epoxy resins are the contributing factors for the high market of 
BPA, where about 95% of BPA produced is used in the synthesis of polycarbonates 
and epoxy resins, with the remaining 5% used the in making other products [28]. 
 
Polycarbonate is a thermoplastic polymer that was first discovered and synthesised 
in 1953 by Dr. Daniel Fox and Dr. Hermann Schenell via a polymerisation reaction 
of monomer BPA with phosgene gas (carbonyl chloride) to form the carbonate 
linkage in the polymer [30]. The process involves the treatment of BPA with sodium 
hydroxide to produce an alkyl or sodium salt of BPA. The sodium salt or 
deprotonated BPA is then reacted with carbonyl chloride to form polycarbonate 
through a series of carbonyl addition reactions and intermediates (Figure 2.4). It 
was then in 1957 when commercialisation of polycarbonate commenced, with global 
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production reaching 5 million tons per year (and thus causing high BPA demands). 
Diverse applications of polycarbonate include automobiles, household appliances, 
eyeglass lenses, aerospace electronic equipment, medical devices, reusable food 
and drink containers and safety equipment. Important properties that make the 
polymer suitable for its applications include flame retardancy, good optical clarity, 
acid resistance, high impact resistance and ductility, scratch resistance, relatively 
low production costs and high strength across a wide range of temperature (from -
170 to 126 °C) [31-33]. In their report, Poet and Hays [34] described this unique 
material as “a plastic strong enough to replace steel and clear enough to replace 
glass”. 
 
On the other hand, equally important as polycarbonate, epoxy resins are low 
molecular-weight polymers containing one or more epoxide group of the form [35]: 
 
   R-CH-CH2 
 
 
These polymers possess good mechanical properties, excellent adhesiveness to a 
number of substrates, good thermal and chemical stability, high flame-retardant 
character, high tensile strength, corrosion resistance and excellent UV stability. 
These properties are crucial in endowing epoxy resins a number of applications in 
various fields such as paints and coatings, adhesives, aerospace, electronics and 
biomedical [35]. They were first synthesised in 1891 from a polymerisation reaction 
between epichlorohydrin and BPA as illustrated in Figure 2.5. Although there are 
other synthesis procedures, this is the major route for the manufacture of most of 
the resins marketed today [36]. 
 
O 
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Figure 2.5: Production of epoxy resins from BPA from and epichlorohydrin. 
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The aforementioned attributes of polycarbonates and epoxy resins lend them to 
extensive use in food and beverage packaging applications. A number of food 
contact materials such as infant’s feeding bottles, tableware, storage containers, 
water and milk bottles are derived from polycarbonate, while on the other hand, 
epoxy resin are utilised as protective liners in metal cans to preserve the quality of 
canned foods and beverages. The purpose of the use of epoxy resins is also to 
prevent rusting on the metal cans. This coating also extends to metal lids of glass 
jars, surface coating of drinking water tanks and wine vats [35, 37]. 
 
In addition to its uses in the manufacturing of polycarbonates and epoxy resins, BPA 
also finds use in thermal paper printing technology for a variety of commercial 
applications including ATM slips, shop receipts, bus tickets and labels stuck on retail 
market products. Along with a thermochromic dye in the presence of an organic 
solvent, BPA is used as a colour developer and interacts with the dye to create an 
image on a paper upon heating. This process is of use because it has low costs (as 
BPA if affordable and available in large scales), requires no ink and efficacious [38-
40]. 
 
2.3.4 Human exposure pathways 
Humans are severely exposed to BPA due to wastewater discharges from plastic-
producing industry and through migration from BPA-products to food, drinking water 
and environment. For example, a concentration of 7.8 µg.L-1 BPA was detected in 
the water from an epoxy resin lined drinking water tank [41]. BPA was also detected 
in 71 of 78 canned food samples, with concentrations between 2.6 and 730 ng.g-1 
[42]. Water samples (tap water, lake water and river water) were reported to have 
BPA concentration ranging 2.49 to 8.45 ng.L-1 [43], and polycarbonate food 
containers have been estimated to be capable of leaching about 6.5 µg of BPA into 
each gram of food stored inside [44]. Furthermore, in a study conducted in South 
Africa, 28.83 ng.L-1 of BPA was detected in municipality drinking water [45].  
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Treated wastewater effluent is often discharged into water bodies used for portable 
and agricultural irrigation. With numerous reports indicating that organic pollutants 
are not completely removed by treatment plants, BPA had been frequently detected 
in treated wastewater effluent [46, 47]. Moreover, this oestrogenic compound has 
also been detected in sludge released from treatment plants. Owing to its moderate 
solubility and inability to volatilise well from water and dry soil surfaces, BPA 
accumulates in soil (with an estimated half-life of 3-37.5 days) [22] and thus through 
crops, this EDC enters food chains. This occurs when effluent is used for the 
irrigation of edible crops (due to increasing shortages of freshwater), or when sludge 
that is contaminated with BPA is used for soil remediation [5]. For example, Lu et al. 
[48] investigated the absorption of BPA in two vegetable crops (lettuce and tomato) 
irrigated with reclaimed water. They found out that BPA was present in roots, stems, 
leaves and fruits of both plants. Similarly, Dodgen et al. [49] studied BPA uptakes 
and found that BPA accumulated in stems and leaves, with build-up in roots 
significantly higher than in any other plant tissue. The aforementioned works, 
together with others by Ferrara et al. [50] and Lu et al. [51] all indicate a significant 
potential BPA exposure pathway to humans. 
 
Another well-documented route of BPA exposure to humans is its migration/leaching 
from polycarbonate packaging materials/metallic can epoxy linings into the 
environment, food and drinking water (Figure 2.6). This is the consequence of 
incomplete polymerisation in the manufacturing processes in Figure 2.4 and 2.5, 
making unreacted BPA to be present in polycarbonate and epoxy resin products. 
Studies have mentioned that the likelihood of this residual BPA to migrate/leach is 
accelerated by exposure to ultraviolet light, heating and long-time repeated use of 
polycarbonate/epoxy resin materials. Furthermore, this migration reportedly 
increases by a 1000-fold as the material ages [30, 42, 52, 53]. Microwave heating 
of polycarbonate household containers and their exposure to boiling water (100 °C) 
are recognised as common accelerators [17, 22]. 
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Figure 2.6: BPA leaching from a polycarbonate polymer chain. 
 
While polycarbonates and epoxy resins, particularly in food containers have long 
been considered as the main sources of human exposure to BPA, further studies 
have given strong indications of other routes of exposure, rather than just the dietary 
ones. In a study conducted in 2017 by Lawrywianiec and co-workers [39], thermal 
paper samples of ATM receipts, shop receipts and bus tickets were tested, and their 
results all contained BPA. The study further investigated the likelihood BPA 
migration from thermal paper to human skin and this indeed confirmed that thermal 
paper is another human exposure to endocrine disrupting BPA. This exposure route 
to consumers and workers handling thermal paper exist because BPA is present in 
the paper as a free or unbound molecule [38], which is not designed to offer any 
significant resistance to abrasion. More shockingly, 27% of BPA that gets in contact 
with human skin reportedly penetrates and reaches the bloodstream within two 
hours, subsequently inducing endocrine disruption. If fingers are wet or very greasy, 
the transferred amount is reported to be 10 times higher [17, 54]. In their report, 
Yalcin et al. [55] collected 12 thermal paper samples from different workplaces that 
were chosen randomly and subjected them to BPA testing. This survey suggested 
that supermarket cashiers might be persons with the highest risk of undergoing 
occupational exposure, as illustrated in Table 2.1. A similar report by Liu et al. [56] 
corroborates the reports of Yalcin et al. and Lawrywianiec et al. on the fact that 
thermal paper is a non-dietary human exposure route of BPA. In spite of the high 
volume of research in existence, indicating the potential hazards of BPA, the 
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compound remains a widely used colour developer in cinema tickets, fax papers, 
cash receipts, lottery tickets, public transport tickets, and thermal papers due to its 
availability, low costs and efficacy. 
 
Table 2.1: Concentration of BPA in 12 thermal paper receipts in a survey by 
Yalcin et al. [55], (n=3). 
Type of thermal paper BPA concentration (mg/g paper ± Standard deviation) 
Fax paper 7.26 ± 0.58 
Bank account receipt 0.40 ± 0.11 
Bank card receipt 14.96 ± 0.54 
ATM receipt 15.00 ± 0.72 
Lottery ticket 0.11 ± 0.05 
Gift store receipt 12.94 ± 0.66 
Gas station receipt 8.47 ± 0.33 
Restaurant receipt 10.78 ± 0.67 
Supermarket 1 receipt 7.59 ± 0.61 
Supermarket 2 receipt 19.52 ± 0.71 
Supermarket 3 receipt 20.14 ± 1.23 
Supermarket 4 receipt 21.65 0.83 
 
2.4  Conventional detection techniques for Bisphenol A 
Due to its high-volume production and extensive use as stated above, BPA is 
amongst the most frequently detected EDC in various samples such as bodily fluids, 
water, sediments and foods. Conventionally over the years, high performance liquid 
chromatography (HPLC) and gas chromatography (GC) have been the main 
analytical techniques for the detection of BPA. Furthermore, enzyme linked 
immunosorbent assay (ELISA) has also made a niche as a method which provided 
reliable and sensitive detections. The following subsection briefs the principles of 
these analytical techniques, as well as their applications in the detection of BPA in 
various media. 
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2.4.1 Chromatographic techniques 
Chromatography covers a diverse of techniques that allow the separation, 
identification and determination of samples in complex matrices. Its principle is 
based on the dissolved sample in a mobile phase, which may be a gas, a liquid or 
a supercritical fluid. This mobile is then forced through an immiscible stationary 
phase, which is fixed in a column or on a solid surface. The two phases are chosen 
so that the constituents of the sample distribute themselves between the mobile 
phase and stationary phases to different degrees. Herein, components strongly 
retained into the stationary phase move slowly with the flow of the mobile phase, 
while those tightly held by the mobile phase travel quickly. Due to the difference of 
these migration rates, sample components separate into discrete bands that can be 
tested quantitatively and qualitatively. Quantitative data of the sample is usually 
based on the comparison of either the height or the area of the analyte peak with 
that of one or more standards, whereas qualitative information is given by the 
retention time or position of the analyte peak [57]. 
 
HPLC, a notable example of chromatography, where the mobile phase is a liquid, is 
a popular analytical technique with an extensive applicability to a number of 
substances that are of importance to industry and many fields of science. The 
reasons for the popularity of the method are its sensitivity and ease of automation. 
With such qualities, the methods have been vastly exploited in the detection of BPA 
in various samples, providing accurate and reliable monitoring of the compound [58-
62]. Another chromatography-based technique that has been widely employed for 
BPA determination is GC [63, 64]. Herein, the components of a vaporised sampled 
are partitioned between a mobile gaseous phase and a liquid or solid stationary 
phase. In contrast to most other types of chromatography, the gaseous mobile 
phase does not interact with components of the analyte, its sole function is to 
transport the analyte through the stationary phase [57]. 
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In spite of their success and widespread application in BPA monitoring, 
chromatographic techniques lack on-site applicability, require cumbersome sample 
preparation and pre-treatment. Furthermore, the methods have high operating 
costs, require skilled personnel for analysis and data interpretation, and are time 
consuming [65, 66]. 
 
2.4.2 Enzyme-linked immunosorbent assay 
Immunoassay-based methods have received a great deal of attention for BPA 
detection owing to their high sensitivity, comparable low costs, favourable 
selectivity, and possible analysis of complex matrices without extensive pre-
treatment [67]. ELISA is based on the basic immunology concept of an antigen 
binding to its specific antibody, which allows detection of very small quantities of 
antigens such as proteins, hormones or antibodies and peptides in fluid samples 
[68]. Previous studies [69-71] have successfully used 4,4’-bis(4-hydroxyphenyl) 
valeric acid, bonded to a hydroxyl group of BPA to generate an antigen and prepared 
a specific polyclonal antibody against BPA. These studies showed that ELISA is a 
convenient and rapid method as compared to chromatographic techniques. 
However, this technique is strongly dependent on the antibody recognising the 
target, which has been a challenge due to the instability of the antibody and non-
specific binding to BPA analogues [67, 72]. 
 
2.5 Electrochemical methods of detection for Bisphenol A  
2.5.1 Electrochemical sensors 
Electrochemical sensors have a great potential for BPA monitoring owing to their 
inherent advantages such as fast response, ease of miniaturisation, low cost, 
excellent selectivity and high sensitivity [73-75], thus overcoming the shortcomings 
associated with conventional techniques. As defined by the International Union of 
Pure and Applied Chemistry (IUPAC), a chemical sensor is “device that transform 
chemical information, ranging from the concentration of a specific sample 
component to total composition analysis, into an analytically useful signal”. The 
device consists of an electrochemical transducer at which reduction/oxidation 
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(redox) processes of the analyte occur, and thus causing measurable signals. 
Figure 2.7 shows the general scheme of an electrochemical sensor. The transducer 
surface may be modified with various materials that interact with the analyte of 
interest, and thus produce a measurable signal. Various types of transducers have 
been used and they include gold electrodes, glassy carbon electrode, exfoliated 
graphite electrodes, carbon paste electrodes and so on. A notable electrochemical 
workstation is made up of a three-electrode system, i.e., the transducer serving as 
a working electrode, a reference electrode and an auxiliary/counter electrode 
(making up an electrochemical sensor as a whole). For an ideal electrochemical 
sensor, the following aspects are of high significance: electrical conductivity of the 
working electrode; surface reproducibility; stability and mechanical properties [65]. 
Usually, as illustrated in Figure 2.7, electrochemical signals are obtained mainly 
through electro-analytical techniques: linear sweep voltammetry (LSV), cyclic 
voltammetry (CV), differential pulse voltammetry (DPV), square wave voltammetry 
(SWV) and electrochemical impedance spectroscopy (EIS). The principles of these 
techniques will be outlined comprehensively in later sections of this dissertation. 
 
 
Figure 2.7: Schematic representation of an electrochemical sensor, its interaction 
with the analyte, and transduction of this interaction into measurable signals [76]. 
Modified 
electrode
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BPA is electrochemically active (attributed to the presence of phenolic moieties in 
its structure) [11], and this has allowed opportunities for simple, reliable and 
sensitive detections using electrochemical sensors in a wide range of matrices. 
Yang et al. [74] developed a carbon-nanotube/polyethyleneimine based 
electrochemical sensor for the determination of BPA in samples of milk. They 
reported their sensor to be more sensitive to BPA using the electrochemical 
response examined by DPV. Under optimised experimental parameters, their 
sensor exhibited a linear dynamic range of 10 nM – 50 µM, with a limit of detection 
of 3.3 nM. In a different study conducted by Ponnaiah et al. [77], glassy carbon 
electrode was modified with a ruthenium nanoparticles, polyaniline and graphitic 
carbon nitride nanocomposite. The constructed sensor was used to detect BPA in 
samples of human urine and exhibited a wide linear range of 0.01 – 1.1 µM and a 
detection limit in pM levels. More applications of electrochemical sensors for BPA 
determination are summarised in Table 2.2. 
 















DPV 5 10-120 Thermal 
paper 
[56] 
Graphene-GCE DPV 46.89 0.05-1 Plastic 
bottles 
[78] 
Au/TRGO/Fe(III)TMPP EIS 2.1x10-4 1x10-6-0.01 Milk 
samples 
[79] 
AuNP/MWCNT/GCE DPV 4 0.01-0.7 Water 
samples 
[80] 
SWCNT-CD/GCE CV 1 0.0108-18.5 Plastic 
samples 
[81] 
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In spite of the success of electrochemical sensors, a major obstacle encountered in 
the detection of BPA by electrochemical sensors is the well-known phenomenon of 
electrode fouling [73, 83], which causes poor sensitivity of the method. In Liu et al’s 
[84] work, the electrochemical behaviour of BPA was studied at a Ni(II)tetrakis(4-
sulfonatophelnyl)porphyrin/carbon nanotube modified glassy carbon electrode 
(NiTPPS/CNT/GCE). They observed an irreversible oxidation peak ascribable to 
BPA, which decreased rapidly in successive scans, resulting in featureless 
voltammograms after three scans. This was attributed to a strong passivation on the 
working electrode surface by insulating by-products formed during the oxidation of 
BPA. Ndlovu et al. [82] faced a similar challenge in their exfoliated graphite-based 
BPA electrochemical sensor. Approaches to overcome electrode fouling have been 
attempted over the years, however, such attempts are lengthy and increase analysis 
durations [82, 85]. 
 
Hence, the hub of this thesis is to develop a modified, anti-fouling and sensitive 
electrochemical sensor that can be easily renewed/regenerated by polishing the 
fouled surface. Moreover, the work is further extended to the incorporation of 
bioreceptors to form biosensors, and thus completely avoiding electrode fouling. In 
both cases, the fouling phenomenon is expected to be tackled reproducibly. 
 
2.5.2 Electrochemical biosensors 
Biosensors are modified chemical sensors, with a definition “chemical sensors in 
which the recognition utilizes a biochemical mechanism”. Therefore, different from 
conventional chemical sensors described above, biosensors consist of specific 
biorecognition molecules (bioreceptors) such as enzymes, antibodies, DNA, 
aptamers or whole cells, which interact specifically with targets and the generated 
biological responses are converted (by an electrochemical the transducer) into 
measurable analytical signals that are proportional to the analyte concentration [76]. 
The biorecognition event (interaction of the bioreceptor with the analyte) changes 
the electron transfer rates, surface conductivity as well as potential of redox 
reactions on the transducer surface. The extent of such changes is hence related to 
the concentration of the analyte [86]. Figure 2.8 shows the three integrated 
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components of a biosensor: (a) a biorecognition element to interact specifically with 
the analyte; (b) a signal transducer to generate a measurable signal from the 
biorecognition event and (c) an electronic system for data management.  
 
 
Figure 2.8: Scheme of an electrochemical biosensor [88]. 
 
Electrochemical biosensors can be classified into biocatalytic or affinity biosensors, 
depending on the nature and activity of the bioreceptor. Affinity based biosensors (a 
type used in this dissertation) rely on the recognition (binding) of the analyte by the 
biorecognition element to produce measurable signals. Bioreceptors used in this 
category include aptamers and antibodies. On the other hand, biocatalytic 
biosensors have their biorecognition element as enzymes that catalyse reactions 
involving the analyte to produce electroactive products [87]. These state-of-the-art 
systems are efficient for small target detections, as they combine the sensitivity of 
electrochemistry with high specificity of biological reactions. The first biosensor was 
described by Professor Leland C. Clark in 1962 [89], by immobilizing a glucose 
oxidase (an enzyme) onto the surface of an oxygen electrode in order to quantify 
the concentration of glucose in a sample. Since then, numerous biosensors have 
been developed to determine different substances such cholesterol [90], dopamine 
[91], urea [92] and carcinoembryonic antigen [93] in biological samples, for toxicity 
analysis in environmental monitoring [94] and for food and quality control [95]. 
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2.5.2.1 Biorecognition elements for biosensors 
Bioreceptors are the biological part of the biosensor that interact with the analyte 
under study and undergo biological reactions to produce a signal. They include any 
biological entity such antibodies, enzymes, whole cells, RNA and DNA, and they all 
play a crucial role to the overall biosensor performance, imparting selectivity for a 
particular analyte. Amongst these, antibodies have been the most dominant probes 
for the fabrication of biosensors since the 1970’s due to their homogeneous nature, 
high affinity and specificity for their targets. However, despites these merits, their 
application as biorecognition elements is associated to several drawbacks. The 
limitations include thermal and chemical instability, complexity and costs of their 
generation [96]. Recently, emerging as the next generation affinity probes, aptamers 
have gained similar accolades as antibodies – since their discovery in 1990. Their 
distinguishable advantages in addition to high stability and affinity for their targets 
include high thermal stability, ease of synthesis, flexibility, high reproducibility, facile 
functionalisation, small size, and reversible denaturation [86, 87, 97-100]. 
Additionally, the shelf-life of aptamers is longer than that of antibodies as a result of 
their synthetic nature, and aptamers can easily survive different environmental 
conditions, thus allowing them long-term storage and on-site application [101]. With 
such a reputation, aptamers have been selected for a wide range of targets, 
including metal ions (e.g. As(III), Pb(II) and Cd(II)) [102-104], small organic 
molecules (e.g. adenosine triphosphate) [105, 106] and proteins (e.g. thrombin) 
[100, 107]. 
 
2.5.2.2 History and development of aptamers 
Selected for the first time using an in-vitro process called ‘Systematic Evolution of 
Ligands by Exponential Enrichment’ (SELEX) technology in 1990 by Joyce, Szostak 
and Gold [108], aptamers (derived from the Latin words aptus and meros, meaning 
to “fit” and “particle”, respectively) are short single-stranded DNA or RNA 
oligonucleotides (typically <100-mer) that adopt three-dimensional sequence-
dependent structures. This inherent property makes them efficient molecules 
capable of binding to a broad spectrum of targets such as proteins and peptides 
with high affinity and specificity. In the presence of targets, aptamers undergo 
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adaptive conformational changes, and their three-dimensional folding creates 
specific binding pockets/clefts. The binding of aptamers to their targets results from 
a combination of complementarity in stacking of aromatic rings, electrostatic 
interactions, van de Waals forces and hydrogen bonding [101, 109, 110]. 
 
SELEX is an iterative process in which large libraries of RNA/DNA molecules are 
screened until high-affinity aptamers are enriched. It entails repetitive cycles of 
incubation of a chemically synthesised random pool of oligonucleotide sequences 
(initial library) containing 1015-16 different sequences with targets, elution of the 
binding sequences and amplification of the binding sequences for the next iteration, 
during which stringency of the steps can be tuned to find the best target-binding 
aptamer candidates [101]. Figure 2.9 illustrates this process. Since aptamer 
preparation through SELEX is not within the scope of this work, comprehensive 
reports can be visited in literature - [110-112]. 
  
 
Figure 2.9: A schematic illustration of the SELEX process [113]. 
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2.5.2.2.1 Bisphenol A binding aptamer 
In 2011, using SELEX process, Jo et al. [114] isolated a high affinity and selective 
aptamer for BPA from a 1015 random library of 60-mer ssDNAs. To prepare a 
random ssDNA library, a collection of the sequences 5’-
GGGCCGTTCGAACACGAGCATG-N60-GGACAGTACTCAGGTCATCCTAGG-3’ 
was used. For BPA aptamer selection, they immobilised BPA on an epoxy activated 
Sepharose 6B resin through ester linkage to hydroxyl groups. Subsequent 
procedures followed the elementary SELEX steps as per Figure 2.9, where the 
BPA-coupled resin was mixed and incubated with the random ssDNA pool. Twelve 
cycles of aptamer selections and amplifications were performed and from this, a 
BPA aptamer (anti-BPA) with high affinity and selectivity for BPA, but not to other 
bisphenol family molecules, was isolated. The sequence of the isolated aptamer 
was 5’-CCG GTG GGT GGT CAG GTG GGA TAG CGT TCC GCG TAT GGC CCA 
GCG CAT CAC GGG TTC GCA CCA-3’. The dissociation constant (Kd) of this 
aptamer was measured to be 8.3 nM, much comparable to that of high affinity 
antibodies used in BPA detection [11, 115]. 
 
Furthermore, the same researchers applied this anti-BPA to develop a sensor which 
exhibited a detection limit of 1 pM. Their results demonstrated that this aptamer 
could potentially be used in a vast range of applications, such as in the construction 
of electrochemical aptasensors (sensors with an aptamer as a biorecognition 
element) for BPA. For example, Xue et al. [116] presented an electrochemical 
aptasensor for the determination of BPA in water. They immobilised anti-BPA and 
its complementary DNA probe on the surface of a gold electrode. The aptasensor 
enabled BPA detection with a detection limit as low as 0.248 pM. In another study 
by Zhou et al. [18], anti-BPA was used on a gold nanoparticle dotted graphene 
nanocomposite film modified GCE for BPA detection in milk samples. The 
aptasensor exhibited, in the concentration range of 0.01 µM to 10 µM, a detection 
limit of 5 µM. Furthermore, a glassy carbon electrode was modified with a mixture 
of carboxylated multiwalled carbon nanotubes and chitosan. Through covalent 
binding, anti-BPA and its complementary strand were successfully incorporated on 
the modified surface. In the presence of BPA, the aptamer interacted with the 
analyte, and thus exhibited its detection. This aptasensor sensed BPA in the linear 
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range of 0.2–2 nM, with a detection limit of 0.38 nM, with good reliability and 
selectivity [117]. 
 
2.6 Immobilisation chemistry of aptamers 
The stable immobilisation of aptamers on electrode surfaces is the most crucial step 
in the fabrication of aptasensors. The immobilised biomolecules have to retain their 
biological activity after immobilisation and remain tightly bound to the surface and 
not be desorbed during the use of the biosensor. The extent of the strength of 
immobilisation of aptamers on electrode surfaces decides the sensitivity, selectivity, 
stability and long-term application of the developed aptasensor. Hence, intensive 
efforts have been devoted to developing successful immobilisation strategies in 
order to assure greater sensitivity and stability of biosensors. Aptamers can be 
easily modified or functionalised with desired end groups during their synthesis. 
Such modifications are of vital importance for immobilisation purposes, as illustrated 
in Figure 2.10. 
 
 
Figure 2.10: Aptamer immobilisation strategies [118]: a) Chemisorption; b) 
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2.6.1 Chemisorption 
Self-assembled monolayers (SAMs) are formed by chemisorbing reactive reagents 
with metal surfaces. A typical example is a thiol (RS-H) self-assembling either on a 
gold (or silver, platinum, palladium, etc.) electrode or noble metal nanoparticles 
deposited on other electrode material such as glassy carbon electrode because of 
the strong affinity that exists between thiols and gold substrates. Using this Au-SH 
bonding, immobilisation of aptamers with thiol (or other sulphur containing 
derivatives) terminated linkers on gold surfaces is thus easily achieved as illustrated 
in Figure 2.10a [87]. The main advantages of this technique are simplicity and the 
strong and stable aptamer attachment, while retaining their conformational 
capability. However, after chemisorption, some sites of unbound gold may still exist, 
allowing non-specific interactions with constituents of the sample. This effect is 
usually minimised by the use of short-chain alkanethiols (e.g., 6-mercapto-1-
hexanol or 4-mercapto-1-butanol) to block the residual gold [76, 119]. Arotiba’s 
group had previously reported on the use this method for the development of 
aptamer-based biosensors. For example, the group developed a biosensor for 
cadmium detection by immobilising a thiolated single stranded DNA-aptamer 
(ssDNA-aptamer) probe on a carbon black-gold nanoplatform [104]. In another 
study, the group also made use of Au-SH linkage to chemisorp a thiolated ssDNA-
aptamer probe on a composite of gold-carbon nanoparticles for the detection of 
arsenic [120]. In both instances, the aptamers were firmly immobilised on electrode 
surfaces and the prepared aptasensors exhibited low detection limits (0.14 ppb and 
0.092 ppb respectively). 
 
2.6.2 Physisorption 
Physisorption is the simplest form of aptamer probe immobilisation. It includes 
electrostatic or physical interactions between the probe and the electrode surface. 
In either case, the robustness and stability of the physisorbed aptamer rely on the 
electrode surface charge and the negatively charged phosphate backbone. Despite 
the simplicity and conveniences, this technique presents some drawbacks- 
aptamers are loosely bound to the support and desorption might result from changes 
in temperature, pH and ionic strength. Different from chemisorption, this process 
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involves no formation of new bonds. Layer-by-layer electrostatic interaction is the 
commonly used physisorption way for immobilisation while retaining the 
accessibility of the anchored probe. For instance, using a polycationic poly 
(dimethyldiallylammonium chloride) (PDDA), aptamer probes have been 
electrostatically adsorbed on various electrodes. Initially, an electrode has to be 
modified with a charged layer. This negatively charged surface is then immersed in 
PDDA solution to form the first positively charged layer. The anionic phosphate 
backbone of the ssDNA aptamer is then immobilised on the cationic electrode 
through electrostatic forces [88, 118, 121, 122] (Figure 2.10b). 
 
2.6.3 Covalent bonding 
The covalent binding of aptamer probes onto electrode surfaces is generally carried 
out by initial activation of surfaces using multifunctional reagents, followed by probe 
coupling to the activated support, then the removal of excess and unbound 
biomolecules. Compared to chemisorption or physiosorption, covalent binding 
requires more complicated and less mild conditions. However, the method offers 
strong chemical bonds for biomolecules and easily removes nonspecific binding. 
Typical covalent binding processes include the immobilisation of NH2-aptamers onto 
–COOH moieties on activated surfaces (Figure 2.10c). To facilitate this chemistry, 
1-ethyl-3-(dimethylaminopropyl) carbodiimide/N-hydrosulfosuccinimide (EDC/NHS) 
couple is usually used as an activating agent as illustrated in Figure 2.11 [67, 123]. 
In this process, EDC activates the free carboxyl groups on surfaces to bind with 
primary amine groups of the aminated DNA probes, creating an amide bond. NHS 
reacts with carboxyl groups, forming a stable amine-reactive NHS ester intermediate 
to be coupled with the primary amines at physiological conditions. The intermediate 
produced by NHS is significantly more stable than that produced in reactions only 
with EDC. Thus, NHS is frequently used in EDC reactions [101]. Similarly, NH2-
aptamers have also be covalently bound to –CHO groups in a number of 
aptasensors. To facilitate this kind of covalent bonding, versatile reagents such as 
chitosan (with numerous –NH2 groups) [124, 125], salinization chemicals (e.g., 3-
aminopropyltriethoxysilane (APTES)) [126] and cross-linking molecules (e.g., 
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Figure 2.11: A simple reaction scheme showing the immobilisation of an 
aminated-aptamer based on carbodiimide chemistry. 
 
2.6.4 Bio-affinity 
This is a strategy to immobilise bioreceptors using the high specificity and affinity 
existing between biotin and strepavidin. The biotin-strepavidin bond is one of the 
strongest non-covalent biospecific interaction known in nature, with a dissociation 
constant, Ka ≈ 1x10-15 M [88, 101, 119, 128]. The construction of biosensors based 
on this interaction usually begins with modification of electrode surfaces with 
streptavidin molecules, followed by incubation with aptamer probes that carries at 
least one biotin residue to bind with the streptavidin (Figure 2.10d). As mentioned 
previously, aptamers can allow easy modification or functionalisation during their in-
vitro SELEX isolation, thus allowing their biotinylation. Arotiba and co-workers have 
previously exploited this strategy to immobilise biotinylated DNA probes on different 
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2.7 Signal amplification strategies 
2.7.1 Nanomaterial based sensors and biosensors 
The modification of electrode surfaces with nanomaterials is one of the foundations 
in the fabrication of electrochemical sensing systems. Such modifications are 
utilised to facilitate electron transfer, control reactions on electrode surfaces, tailor 
surface properties and provide additional functional groups. Nanomaterials are 
commonly defined as materials with at least one dimensions less than 100 nm, with 
different properties those of their bulk counterparts. In sensing and biosensing 
applications, the use of these materials provides attractive routes for fabrication of 
highly sensitive and miniaturised systems that require small amounts of samples for 
detection. The main advantages offered by the use of nanosized materials stem 
from their nanoscale dimensions and can be summarised as follows [131, 132]: 
 
• The high surface-to-volume ratio that brings an enormous enlargement of the 
electroactive area on the electrode surface. 
• The possibility to immobilise or deposit onto the electrode surface, a large 
number of molecules possessing functional groups capable of selectively 
interacting with the analyte under study. 
• The high number of atoms localised in correspondence to defects, resulting 
to high reactivity in electrocatalytic processes. 
• The comparable sizes of nanomaterials and biological recognition elements 
maximises the life span of the biosensor and enables direct electrical 
connection. 
 
In this study, we have adopted exfoliated graphite, silver nanoparticles, carbon 
nanofibers and dendrimers as nanomaterials of study. Hence, the subsections 
below outline their properties, methods of synthesis and their applications in the 
sensing and biosensing field. 
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2.7.1.1 Exfoliated graphite 
Amongst a variety of carbon materials (such as carbon nanotubes, carbon 
nanofibers, carbon black, graphene, etc.), exfoliated graphite (EG) had also 
received considerable attention both in industrial and research communities. It is a 
low-density material with a good surface area, excellent electrical and thermal 
conductivity, high temperature resistance, great mechanical strength, corrosion 
resistance, non-toxicity and can be cost-effectively produced. Its preparation occurs 
through the intercalation of graphite with bisulphate anions to produce graphite 
bisulphate (GBS), followed by thermal exfoliation to produce EG. When GBS is 
subjected to a thermal shock during exfoliation, the intercalates vaporise and tear 
the layers apart, leading to an expanded and a puffed-up material (which is EG) that 
can be recompressed or re-stacked in the form of any desired shape without any 
binder, thus endowing possibilities of electrode fabrication for electrochemical 
applications [133, 134]. The absence of an insulating binder leads to a material with 
enhanced electrical conductivities. EG had been seldom used in electrochemistry, 
with historical applications mainly as a sealing material, but since the first 
electrochemical studies by Frysz and Chung in 1997, reports on the application of 
EG electrodes in environmental, clinical and pharmaceutical research have been 
abundant. They concluded that such electrodes offer better electron transfer rates 
(due to its π-electron system), higher electrochemical surface area and lower 
capacitance, compared to conventional glassy carbon electrodes [135], thus 
opening opportunities for other researchers to apply this material in sensors and 
biosensors. 
 
Hence, Idris et al. [93] reported an EG-based immunosensor for the detection of 
carcinoembryonic antigen. In their work, EG served as a substrate for a dendrimer-
carbon nanodot composite and provided a biocompatible platform for the 
biorecognition element. The proposed biosensor exhibited a detection limit as low 
as 0.000145 ng.mL-1. In another study reported by Ndlovu et al. [136], a bismuth-
modified EG sensor detected arsenic with a detection limit of 5 µg.L-1. In this work, 
the electrode was subjected to interference studies where it performed satisfactory 
under interfering species such as Pb(II), Cd(II), Mg(II), Ca(II). Likewise, the 
electrochemical co-detection of As(III), Hg(II) and Pb(II) was studied by Mafa et al. 
Chapter 2: Literature review 
  39 
[137] using a similar electrode. Using square wave anodic stripping voltammetry, 
their bismuth-modified EG electrode simultaneously detected As(III), Hg(II) and 
Pb(II) with detection limits of 0.014 µg.L-1, 0.081 µg.L-1 and 0.053 µg.L-1 respectively. 
 
2.7.1.2 Noble metal nanoparticles 
Nanomaterials such as noble metal nanoparticles (NMNPs) exhibit unique 
electronic, optical, thermal and catalytic properties and thus facilitate electron 
transfer processes at the electrode-solution interface and improve the sensitivity of 
modified electrodes [46]. For the development of sensors and biosensors, amidst 
NMNPs, gold nanoparticles (AuNPs) and silver nanoparticles (AgNPs) have been 
used in a plethora of sensing platforms as signalling or enhancing elements because 
of their unique properties such as properties including excellent electrocatalytic 
activity, good conductivity, high chemical stability, good biocompatibility [101, 138]. 
Their dimensional similarities with biological molecules and large surface area 
provide opportunities for stable immobilisation of biomolecules, retaining their 
bioactivities. This also endows for higher bioreceptor densities on the surface of 
working electrode. Stable and higher densities of bioreceptors improves the 
capabilities and performance of the biosensors. Furthermore, their high 
conductivities facilitate enhanced the electron transfer between biological molecules 
and electrode surfaces [87, 139, 140]. 
 
More often, the synthesis of these nanomaterials involves chemical reduction of 
noble metal salts in aqueous or organic phase. However, the high surface energy 
of the nanoparticles makes them extremely unstable and easy to undergo 
aggregation. To avoid this, capping them with ligands to improve their stability and 
solubility, as well as to provide surface charges and functional groups, have been 
reported [141]. Goulart et al. [142] reported the synthesis of AgNPs, using sodium 
borohydride as a reducing agent and polyvinyl alcohol as a stabilising agent. They 
electrodeposited these NMNPs onto a multi-walled carbon nanotube (MWCNT) film 
to form an AgNP/MWCNT/GCE sensor for simultaneous voltammetric determination 
of phenols. Capitalising on the synergy between AgNPs and MWCNT, the sensor 
exhibited detection limits in the order of µM levels for hydroquinone, catechol, BPA 
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and phenol. Similarly, a method for the determination of xanthine by an enzymic 
biosensor based on silver nanoparticles/cysteine modified gold-electrode was 
reported by Devi et al. [95]. In their work, they described the preparation of citrate 
capped AgNP using a reducing sodium borohydride, and a stabilising citrate 
solution. The unbound and free –COOH groups of the citrate (on the AgNPs, 
directing outwards) were EDC/NHS activated and used to covalently immobilise 
xanthine oxidase. The bioactivity of the enzyme was retained, and the biosensor 
exhibited a detection limit of 0.15 µM towards xanthine, in the range of 2 to 16 µM. 
This report clearly illustrated the biocompatibility of AgNPs and their ability to wire 
biomolecules. More work stressing on the simple synthesis, excellent conductivity, 
biocompatibility and signal amplification of AgNPs have been reported elsewhere. 
This includes electrochemical sensing of quercetin on a AgNPs/graphitic carbon 
nitride modified GCE [143], combination of AgNPs and carbon nanotubes for H2O2 
detection [141], glucose biosensor based on the composite of AgNPs, carbon 
nanotubes and chitosan [144], and so forth. 
 
2.7.1.3 Carbon nanofibers and their applications 
Carbon nanofibers (CNFs) are one-dimensional (1-D) nanostructured carbon 
materials, which has been proven to be amongst the most attractive nanomaterial 
due to their wide applications in the fields of nano-electronics [145], supercapacitors 
[146], lithium-ion batteries [147], and hydrogen production [148]. They are usually 
synthesised through a simple electrospinning method of polymeric solutions 
followed by a pyrolysis step, which turns polymeric materials into carbon 
nanomaterials. Recently, CNFs have been extensively used for biosensor 
development owing to their advantageous properties including good electrical 
conductivity, high surface area, and biocompatibility. Compared with their 
counterparts – single-walled carbon nanotubes (SWCNTs), multi-walled carbon 
nanotubes (MWCNTs) and carbon nanospheres, CNFs possesses much larger 
functionalised surface areas and more edge sites on their outer walls, which makes 
them more suitable for immobilisation and stability of biomolecules [149]. In order to 
improve their dispersity, it is common to treat them by harsh oxidation or by selecting 
appropriate solvents. To this end, Fakude et al. [130] firstly treated CNFs with 30% 
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HNO3 followed by refluxing for 24 h at 140 °C and studied the performance of CNFs-
modified screen printed electrode (CNFs-SPE) in [Fe(CN)6]3-/4- containing KCl. The 
presence of CNFs exhibited a facile electron transfer on the CNFs-SPE/Fe(CN)63-4- 
interface. Furthermore, the modified screen-printed electrode allowed for a 
streptavidin-biotin aptamer immobilisation, making up a biosensor for cadmium 
(Cd(ll)) electrochemical detection, which gave a linear concentration range of 2 – 
120 ppm and a low detection limit of 0.1085 ppm. Similarly, Zhang et al. [150] also 
acid treated CNFs and used them as an immobilisation layer during the fabrication 
of an electrochemical non-enzymatic immunosensor for ultrasensitive detection of 
microcystin-LR (MC-LR). Owing to the presence of CNFs, the immunosensor 
showed high conductivity, enhanced electron transfer and exhibited a wide linear 
response to MC-LR ranging from 0.0025 to 5 µg.L-1 with a detection limit of 1.68 
ng.L-1. Liao et al. [151] developed an enzyme-based electrochemical biosensor for 
fast and convenient detection of hypoxanthine (Hx). To enhance the dispersity of 
CNFs, they coated CNFs with polydopamine (PDA). The PDA-CNFs platform 
exhibited good biocompatibility for xanthine oxidase (XOD) immobilisation and fast 
electron transfer. This enzymatic electrochemical biosensor showed a good linear 
relationship between the current response and Hx concentrations in the range of 5 
− 60 μM and a detection limit of 2 μM. 
 
2.7.1.4 Dendrimers and their applications in biosensors 
Dendrimers have recently received remarkable attention in the field of biosensors, 
due to their large surface area, exceptional biocompatibility and numerous functional 
groups present in their periphery, which helps in the immobilisation of biological 
molecules. Miodek et al. [152] developed a biosensor for Mycobacterium 
tuberculosis detection based on the functionalisation of carbon nanotubes (CNTs) 
coated with unmodified polypyrrole (PPy) using macromolecular dendrimers 
polyamidoamine (PAMAM) of forth generation. The presence of the dendrimer 
allowed binding to both the CNTs and the PPy and allows further covalent 
attachment of biomolecules. Soda et al. [129] reported a novel PAMAM dendrimer-
streptavidin supramolecular architecture, which was a suitable immobilisation. They 
electrodeposited the dendrimer onto glassy carbon electrode from an aqueous 
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solution, followed by electrostatic attraction of streptavidin upon drop casting. Upon 
biotin-streptavidin immobilisation of a biotinylated DNA probe, the platform proved 
to be biocompatible. Hybridisation of the biosensor with complementary target 
(DNAc) exhibited a linear range of DNAc concentration ranging from 0.05 – 10 nM, 
and a detection limit of 5 pM. In another study, the authors further immobilised a 
biotinylated Thrombin aptamer on the same the PAMAM-streptavidin 
supramolecular architecture, to develop a biosensor for thrombin detection. This 
biosensor exhibited a linear concentration range between 1 – 200 ng.mL-1 and a 
detection limit of 0.02 ng.mL-1 [107]. Another type of dendrimer, Poly (Propylene 
Imine) (PPI) has also been used extensively over the year by the group, in the quest 
of fabricating biocompatible immobilisation layers for biosensors. A composite of 
this dendrimer together with CdTe/CdSe/ZnSe core-multishell quantum dots (QDs) 
was prepared and used as a platform for a cholesterol oxidase (ChOx) based 
biosensor. The presence of the dendrimer improved enzyme loading and provided 
a platform for biocompatibility and immobilisation chemistry suitable for the enzyme 
attachment. The cholesterol biosensor (GCE/PPI/QDs/ChOx) was able to detect 
cholesterol in the range 0.1–10 mM with a detection limit of 0.075 mM. Furthermore, 
owing to the inherent biocompatibility and high affinity of the dendrimer, the 
biosensor was stable for over a month and had greater selectivity towards the 
cholesterol molecule [90]. Recently, the group has now diversified into cancer 
research, where they exploit PPI dendrimer composites for the development of 
antibody-based biosensors (immunosensors) for electrochemical detection of 
cancer biomarker. They reported an electrochemical immunosensor for the 
detection of carcinoembryonic antigen (CEA) using a nanocomposite of PPI and 
carbon nanodots (CNDTs) on an EG electrode. The immobilisation of anti-CEA 
(antibody) on the EG/CNDTs@PPI platform was achieved via glutaraldehyde cross-
linking, followed by blocking with bovine serum albumin (BSA) to minimise non-
specific binding. The proposed biosensor (EG/CNDTs@PPI/anti-CEA/BSA) 
detected CEA within a concentration range of 0.005 to 300 ng.mL-1 with a detection 
limit of 0.00145 ng.mL-1. Moreover, the biosensor displayed good stability and was 
also selective in the presence of some interference species such as ascorbic acid, 
glucose, alpha-fetoprotein, prostate-specific antigen and human immunoglobulin 
[93]. Another cancer biomarker, alpha‐feto protein was electrochemically detected 
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based on a AuNPs-PPI nanoplatform. The platform was prepared by co‐
electrodeposition of AuNPs and PPI onto a glassy carbon electrode (GCE). The 
GCE/AuNP/PPI was further modified with anti-AFP (antibody), making up an 
immunosensor which was used to detect AFP over a wide concentration range from 
0.005 to 500 ng.mL-1. Detection limits of 0.0022 and 0.00185 ng.mL-1 were obtained 
from SWV and EIS measurements, respectively. Furthermore, the biosensor gave 
good stability over a period of fourteen days [153]. 
 
Hence, in this work, AgNPs are synthesised separately and incorporated into the 
framework of the as-prepared exfoliated graphite, forming a nanocomposite (AgNP-
EG). The material is compacted into an electrode for electrochemical sensing 
applications. Furthermore, AgNPs are introduced onto the surface of carbon 
nanofibers to form AgCNFs nanocomposite through reducing AgNO3 in the 
presence of chemically oxidised carbon nanofibers. The nanocomposite is applied 
in the development of an aptamer-based biosensor and is expected to endow a 
biocompatible platform for a thiolated-aptamer immobilisation using Ag-SH 
chemisorption. Lastly, carbon nanofibers are functionalised by surface modification 
with amine functional groups from generation-3 poly (propylene imine) dendrimer, 
thus forming a poly (propylene imine) dendrimer-carbon nanofibers composite (PPI-
CNFs). Amine functionalised aptamers are immobilised on this platform for 
biosensor by covalent immobilisation using glutaraldehyde cross-linking. The three 
developed sensing systems (an electrochemical sensor and the two biosensors) are 
applied in the detection of BPA in standard and real samples. 
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This chapter comprises of the research design of this work, some basic and general 
experimental procedures, as well as a detailed presentation of the instrumental and 
characterisation techniques used. More detailed experimental methodologies are 
outlined in the ‘result and discussion’ chapters (chapter 4, 5 and 6) which are written 
in the form of manuscripts. 
 
3.1 Research design 
 
 

































Figure 3.1: A flow chart of the research design. 
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The above flow chart is outlined below as: 
1. Electrode preparation- Glassy carbon electrode was cleaned with varying 
sizes of alumina slurries, followed by ultrasonication in ethanol and water. 
Exfoliated graphite electrode was cleaned by polishing on emery paper. 
 
2. Electrochemical measurements- Cyclic voltammetry (CV), square wave 
voltammetry (SWV), differential pulse voltammetry (DPV) and 
electrochemical impedance spectroscopy (EIS) were used to study the 
electrochemistry of the electrodes ferri/ferrocyanide and phosphate buffer 
solution. 
 
3. Aptamer immobilisation- this involved the use of thiol-linkage and 
glutaraldehyde cross-linking methods to attach ssDNA probes onto 
immobilisation platforms. 
 
4. (Bio) sensor optimisation- parameters such as electrolyte pH were 
optimised during sensor development. For biosensor development, aptamer 
concentration, aptamer incubation time and aptamer-BPA complexation time 
were optimised. 
 
5. Biorecognition- this involved the incubation of aptasensors with target 
bisphenol A, to form BPA-aptamer complexes. 
 
6. (Bio) sensor evaluation- measurement responses to target BPA, to 
determine dynamic ranges and limit of detections. Stability, reproducibility 
and stability studies were done under this study. 
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3.2 Preparation of solutions 
All solutions were prepared using general analytical procedures and formulas. 
 
3.2.1 Preparation of 10 mM phosphate buffer solution (PBS), pH 7.2 
A mass of 0.6899 g NaH2PO4·H2O and 0.7098 g Na2HPO4 were weighed and 
dissolved using deionised water in a 1000 mL volumetric flask. For pH correction, 
0.1 M NaOH and 0.1 M HCl were used. 
 
3.2.2 Preparation of 5 mM ferri/ferrocyanide ([Fe(CN)6]3-/4-), containing 0.1 M KCl 
A mass of 1.05597 g K4[Fe(CN)6]·3H2O, 0.6899 g K3[Fe(CN)6] and 3.725 g KCl were 
weighed and dissolved in 10 mM PBS into a 500 mL volumetric flask. 
 
3.2.3 Preparation of 10 mM Tris-HCl buffer solution, pH 7.5 
A mass of 0.6057 g was weighed and dissolved in 500 mL of deionised water and 
the pH was adjusted to 7.5 using 1 M HCl. 
 
3.2.4 Preparation of 25 mM binding buffer solution (pH 8.0, containing 100 mM 
NaCl, 10 mM MgCl2 and 25 mM KCl) 
A mass of 3.0285 g tri(hydroxymethyl)aminomethane, 5.8440 g NaCl, 0.9521 MgCl2 
and 1.8638 g KCl were weighed and dissolved using deionised water in a 1000 mL 
volumetric flask. 1 M HCl was used to adjust the pH to 8.0. 
 
3.2.5 Preparation of BPA-aptamer solutions 
The aptamer, with thiol-modification was dissolved in 252.1 µL of Tris-HCl buffer 
solution to prepare a 100 µM stock solution. The concentrated stock solution was 
stored at -20 °C. Working aptamer solutions were prepared by diluting the stock 
solution to the desired concentrations in Tris-HCl buffer and stored at 4 °C when not 
in use. Before use, the prepared working solution was reduced with 1 mM 
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tris‐(2‐carboxyethyl) phosphine hydrochloride (TCEP) for 1 h to cleave the 
disulphide bonds. 
 
The aptamer, with amino-modification was dissolved in 167.56 µL of Tris-HCl buffer 
solution to prepare a 100 µM stock solution. The concentrated stock solution was 
stored at -20 °C. Working aptamer solutions were prepared by diluting the stock 
solution to the desired concentrations in Tris-HCl buffer, and stored at 4 °C.  
 
3.3 Electrochemical cell 
Two different setups of a three-electrode system were used for electrochemical 
measurements in this work. The first setup composed of an exfoliated graphite 
electrode (0.6 cm diameter) (pristine and silver nanoparticles modified) as a working 
electrode, a platinum wire as a counter electrode and a silver/silver chloride 
(Ag/AgCl 3 M Cl-) as a reference electrode. The second setup consisted of a glassy 
carbon electrode as a working electrode and maintained the same counter and 
reference electrodes as the first setup. Prior to all electrochemical experiments, all 
solutions were sparged with argon gas. 
 
3.4 Electrode cleaning 
The glassy carbon electrode was cleaned by polishing with 1, 0.3 and 0.05 µm 
alumina slurries on a micro pad. Then, the polished electrode was rinsed with 
deionised water, followed by sonicating in ethanol and water for 1 minute, 
respectively. The pre-treated electrode was then subjected to electrochemical 
cleaning, by cyclic oxidations and reductions in 0.5 M H2SO4 within a potential 
window of -0.5 – 1.5 V at a scan rate of 100 mV.s-1, until reproducible 
voltammograms were obtained. The exfoliated graphite electrode was cleaned by 
polishing on a P1200-grit emery paper, followed by rinsing with deionised water. 
The cleanliness of both working electrodes was confirmed by cycling a potential 
from -0.80 - 1.20 V at a scan rate of 50 mV.s-1 in 10 mM PBS, pH 7.2, in which no 
visible peaks were observed. The platinum counter electrode was cleaned by 
burning in a flame until hot red, followed by rinsing with deionised water. The 
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reference electrode was rinsed with deionised water and stored in a solution 
containing 3 M KCl when not in use. 
 
3.5 Electrochemical characterisation techniques 
Electroanalytical techniques include a group of qualitative and quantitative methods 
that focuses on the electrical properties of a solution of the analyte. In this work, 
electrochemical measurements were obtained using cyclic voltammetry (CV), 
square wave voltammetry (SWV), differential pulse voltammetry (DPV) and 
electrochemical impedance spectroscopy (EIS). Fundamentals and principles of 
these electro-analytical techniques are outlined in subsections below. 
 
3.5.1 Cyclic voltammetry  
The primary use of cyclic voltammetry (CV) is as a tool for fundamental and 
diagnostic studies that provide qualitative information about electrochemical 
processes under various conditions. The technique is useful for discerning:  
 
1. The potential at which oxidation or reduction processes occur. 
2. The oxidation state of the redox species. 
3. The number of electrons involved. 
4. The rate of electron transfer. 
5. Possible chemical processes associated with the electron transfer. 
6. Adsorption effects. 
 
In CV, the potential is swept varyingly between two potentials (initial potential, Ei and 
switching potential, Eλ) at a fixed scan rate (υ), however, when the potential reaches 
Eλ, the direction of the potential scan is reversed and swept back to Ei. During this 
potential sweep, current is measured and recorded as a function of potential. Such 
a plot is known as a cyclic voltammogram as shown in Figure 3.2. 
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Figure 3.2: A typical cyclic voltammogram. 
 
Important parameters in a cyclic voltammogram are the peak potentials (Epa, Epc) 
and peak currents (Ipa, Ipc). The definitions and measurements of these parameters 
are illustrated in Figure 3.2. The shape of the plot is typical for a redox reaction that 
is wholly reversible in the thermodynamic sense and obeys the following diagnostics 
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Table 3.1: Diagnostic tests for the electrochemical reversibility of a redox couple, 
carried out by using cyclic voltammetry. 




2. Epc and Epa are independent of the scan rate υ 




4. Ip is proportional to υ1/2 
5. The separation between Epc and Epa, ΔEp, is 
𝟓𝟗
𝒏
 𝒎𝑽, where n is the number of 
electrons involved in the redox reaction. 
 
For obtaining quantitative information using CV, Ip is proportional to analyte 
concentration according the Randles-Sevcik equation (Equation 3.1), which at 
25°C is: 
 
Ip = (2.686 × 105) n3/2 A C D1/2 ʋ1/2            (3.1) 
 
where Ip is the peak current (A), n is the number of electrons transferred in the redox 
reaction, A is the electroactive area of the working electrode (cm2), D is the diffusion 
coefficient of the electroactive species (cm2.s), C is the concentration of this species 
in bulk solution (mol.cm-3) and ʋ is the scan rate of the potential (V.s-1). 
 
As seen from Figure 3.2, well visible peaks are formed in both the forward and 
reverse scans of the CV. The peaks are similar in shape, and their magnitude are 
equal (since the redox couple is fully reversible). In this work, 5.0 mM 
ferri/ferrocyanide in 1.0 M KCl was used as a redox couple, and thus will be used 
as a reference. The voltage extrema at which reversal takes place (Ei and Eλ) in this 
example are -3.0 and +3.0 V. At the Ei of +3.0 V, it is assumed that only the oxidised 
form of the redox couple (Fe(CN6)3-) is present initially. As potential is varied linearly 
from Ei, no current is observed until a potential of approximately +0.12 V, because 
no reducible or oxidisable species are present in this potential range. When the 
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potential becomes less positive than approximately +0.12 V, a cathodic current 
begins to develop because of the reduction of the hexacyanoferrate(III) ion to 
hexacyanoferrate(II) ion. A rapid increase in current occurs as the surface 
concentration of Fe(CN)63- becomes smaller and smaller and this results in Ipc. After 
traversing the potential region in which the reduction process takes place, the scan 
direction is switched at +3.0 V. The current, however, continues to be cathodic even 
though the scan is toward more positive potentials because the potentials are still 
negative enough to cause reduction of Fe(CN)63-. As the potential sweeps in the 
positive direction, eventually reduction of Fe(CN)63- no longer occurs and the current 
goes to zero and then becomes anodic. At this point, Fe(CN)63- that was electro-
generated and accumulated near the surface is being re-oxidised and results in 
anodic current. This current peaks, and then decreases as the accumulated 
Fe(CN)64- is used up by the anodic reaction. This redox reaction is given in Equation 
3.2: 
 
Fe(CN)63- + e-   Fe(CN)64-         (3.2) 
 
Table 3.1 above lists the simplest voltammetrically determined tests for electro-
reversibility, and the CV shown in Figure 3.2 is that of a fully electro-reversible 
process. Occasionally, however, some systems might not fulfil one or more of the 
criteria. Such a systems are certainly not fully electro-reversible and are termed 
either as irreversible or quasi-reversible redox processes. From quasi-reversible 
redox processes as seen in Figure 3.3a, peaks are shifted to more extreme 
potentials, thus giving the CV a ‘stretched’ appearance. Because the CV is 
‘stretched’, the separation between the peaks ΔE (anodic and cathodic) increases 
from its theoretical values of 
𝟓𝟗
𝒏
 𝒎𝑽 (see Table 3.1 above), which characterises a 
fully reversible electron-transfer reaction. For irreversible systems (Figure 3.3b), the 
most characteristic feature is the absence of the reverse peak in the CV. 
Furthermore, peaks are shifted by increases in scan rates [1-6]. 
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b)  
Figure 3.3: Cyclic voltammograms for a) quasi-reversible and b) irreversible redox 
processes (on inverting the sweep direction, one obtains only the continuation of 
current decay (– – – –)). 
I
a) 
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3.5.2 Differential pulse voltammetry  
DPV is one of many pulse techniques that have been devised based on a sequence 
of potential pulses superimposed to a linear or staircase voltage ramp-applied, with 
current sampling. In DPV, as shown by the potential wave form in Figure 3.4, the 
current is sampled twice, just before pulse application (at t1) and again later just 
before the end of the pulse (at t2). The difference in current per pulse, (ΔI) = i(t2) – 
i(t1), is recorded as a function of the linear ramp/staircase excitation voltage. A 
differential curve results, consisting of a peak (see Figure 3.5) whose height is 
directly proportional to analyte concentration and ΔE according to the Osteryoung-
Parry equation as follows: 
 
                      (3.3) 
 
 
where all terms have their usual meaning, and t is the time between pulses. From 
equation 3.3, the term (
𝑫
𝝅𝒕
)1/2 signifies that diffusion of the analyte to the electrode is 
an important determinant for accurate determination of ΔIp. For a reversible reaction, 
the peak occurs at potential is: 
 
  (3.4) 
 
where is ΔE the pulse amplitude. 
 
( )1/2 CΔE
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Figure 3.5: Differential pulse voltammogram. 
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One advantage of DPV is that individual peak maxima can be observed for 
substances with redox differing by as little as 0.04 to 0.05 V; in contrast, classical 
CV methods require a potential difference of about 0.2 V for resolving waves. Such 
resolutions depend not only on the corresponding peak potentials but also on the 
width of the peaks. The width of the peak (at half-height) (see Figure3.5) at 25 °C 
is [1, 4]: 
 
                                (3.5) 
 
 
3.5.3 Square wave voltammetry  
SWV was pioneered in 1952 by Barker [7] but only became widespread 40 years 
later, based on the discoveries worked on by Osteryoung and co-workers [8]. Figure 
3.6 shows the excitation signal in SWV, which is obtained by superimposing the 
pulse train onto the staircase signal. The current is sampled twice during each 
square-wave cycle, once at the end of the forward pulse (at t1) and once at the end 
of the reverse pulse (at t2). Usually, the difference in these currents Δi is plotted as 
a function of staircase potential, to give a voltammogram as shown in Figure 3.7 
This difference is directly proportional to analyte concentration. 
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Figure 3.7: Square wave voltammogram. i1: forward current, i2: reverse current 
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An important advantage of SWV for many electroanalytical applications is its 
permission for the use of extremely fast scan rates. As a result, oxygen does not 
have to be excluded from solution when using SWV. During a scan from negative 
potentials in the positive direction, the scan rate is fast such that no electroactive 
oxygen species have time to diffuse to the electrode surface from bulk solution. 
Thus, the analysis time is drastically reduced, and procedures are simplified 
because prior bubbling of nitrogen or argon in the solution is avoided [2, 9]. 
 
3.5.4 Electrochemical impedance spectroscopy  
Electrochemical impedance spectroscopy (EIS) is an excellent, non-destructive, 
accurate and rapid in-situ technique for revealing the nature of the faradaic 
processes and often aids in the investigation of mechanisms of electron-transfer 
reactions processes occurring at electrode surfaces [10, 11]. This method is 
different from all the electroanalysis we have looked at so for in this dissertation, 
because in all of the above electro-analytical techniques, the potential was either 
constant or was ramped at a constant rate. In this alternative approach, 
electroanalytical data is obtained by applying a small excitation potential in a cyclic 
sinusoidal manner across a cell (or sample), and then recording the resultant to 
induced alternating current (AC). Analogous to Ohm’s law (Equation 3.5), where a 
constant voltage V is applied across a resistance R, thus inducing a constant current 
I, herein potential is varied sinusoidally across an electrochemical cell and 
consequently induce an alternating current (AC) (Equation 3.6). 
 
                        (3.5) 
                       (3.6) 
 
Where Vt is the potential at time t, It is the current (AC) at time t, and Z is the 
impedance, with the units of ohms (Ω), like any other types of resistance. In 
impedance analysis however, the resultant time-dependent AC, due to a 
sinusoidally varying potential, is measured as a function of the frequency ω and is 
out of phase, by a time lag Φ as illustrated in Figure 3.8 below [2]. 
 
𝑽 = 𝑰𝑹 
𝑽𝒕 = 𝑰𝒕𝒁 
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Figure 3.8: Sinusoidal voltage perturbation and current response. 
 
Therefore, the system excitation and response are given by Equation 3.7 and 3.8, 
respectively: 
 
                                   (3.7) 
                                  (3.8) 
 
Where V0 is the voltage amplitude, I0 is the current amplitude, ω is the radical 
frequency (= 2πf), and Φ is the phase angle between the current and the potential. 
Combining Equation 3.7 and 3.8 with Equation 3.6 gives the impedance of the 
system as: 
 
     
                               (3.7) 
 
With a magnitude (Z
0
















𝑽𝒕 = 𝑽𝟎 𝐬𝐢𝐧(𝝎𝒕)   
𝑰𝒕 = 𝑰𝟎 𝐬𝐢𝐧(𝝎𝒕 + 𝜱)   
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Graphical presentation of the measured impedance data is usually presented as a 
set of exes known as a Nyquist plot. During EIS analysis, the frequency at which 
voltage oscillates is altered (over as wide a frequency range as possible), and the 
resultant frequency-dependent resistance Z and time lag Φ experienced between 
the current and voltage are measured. A frequency range of 100 KHz – 100 mHz 
was used for this study. From these values of Z and Φ, the components Z' and Z" 
are obtained, and so a Nyquist plot can be generated as shown in Figure 3.9a. 
Impedance data can also be presented as a Bode plot (Figure 3.9b), which shows 
the frequency of each impedance point. Both these spectra can be used to extract 
information about electron transfer kinetics and diffusional characteristics of an 
electrochemical process. For example, a slow and resistive electron transfer 
process will be characterised by a large semi-circle arc on the Nyquist plot, while on 
the other hand, the Bode plot will show a horizontal line presentation of log Z versus 




Figure 3.9: a) Nyquist and b) Bode plots for presentation of impedance data. 
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For impedance analysis, it usual to dissect the cell (or sample) into different 
electrical components and then arrange them in such a way that the impedance 
behaviour in the Nyquist plot (or Bode plot) is reproduced ideally. This arrangement 
is termed ‘the equivalent circuit’. For this study, components of interest included the 
resistance of the electrolyte solution (Rs), charge transfer resistance (Rct), the 
Warburg impedance (Zw) and the double layer capacitance (Cdl). To generate a 
Nyquist plot similar to that in Figure 3.9a, these circuit elements were arranged and 
fitted using The Randle’s circuit shown in Figure 3.10. 
 
 
Figure 3.10: The Randle’s electrical equivalent circuit. 
 
3.6 Physicochemical characterisation techniques 
The prepared samples were characterised using the following techniques: X-ray 
Diffraction (XRD) spectroscopy, Scanning Electron Microscopy (SEM), Electron 
Dispersive X-ray (EDX) spectroscopy, Transmission Electron Microscopy (TEM), 
Fourier transmission infrared (FT-IR) spectroscopy, Ultraviolet-visible (UV-Vis) 
spectroscopy and CHNS microanalyser. The techniques are briefly discussed in the 
subsection below.  
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3.6.1 Fourier transmission infrared spectroscopy  
Infrared (IR) absorption spectrometry is a versatile tool that is applied to the 
qualitative and quantitative determination of molecular species of all types. For the 
identification of compounds (which is the general use of this technique), a two-step 
procedure is usually followed. The first step involves determining the functional 
groups present in the sample by examining the group frequency region, which 
encompasses radiation from about 3600 cm-1 to approximately 1250 cm-1. The 
second step involves a detailed comparison of the spectrum of the unknown sample 
with the spectra of pure compounds that contain all the functional groups. 
Consequently, a close match between two spectra will thus provide the identity of 
the sample [12]. 
 
For this work, 1 mg of a finely ground sample was mixed with 0.1 g of dried 
potassium bromide powder with a mortar and pestle. The mixture was then pressed 
in a die at 10 KPa to yield a transparent pellet. The pallet was then held in the 
instrument beam for spectroscopic examination. 
 
3.6.2 X-ray diffraction  
X-ray diffraction (XRD) is one of the most important methods that provides a 
convenient and practical means for the qualitative identification of crystalline 
compounds. For analytical studies, samples are usually ground to a fine 
homogenous powder, and then an X-radiation is passed through them. Because 
each crystalline substance has a unique X‐ray diffraction pattern, XRD is able to 
effectively provide qualitative identification [13]. 
 
3.6.3 Scanning electron microscopy and energy dispersive x-ray spectroscopy  
The scanning electron microscope (SEM) is an instrument that creates magnified 
images which reveal microscopic-scale information on the size, shape and 
morphology about a wide variety of solid surfaces. In obtaining an SEM image, a 
finely focused beam of electrons impinges on the surface of the solid sample. This 
interaction generates signals: backscattered electrons, secondary electrons, and X-
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ray emission. Backscattered and secondary electrons are then detected and used 
to construct the image. Samples that conduct electricity are easiest to study, 
because of the unimpeded flow of electrons. Furthermore, samples that are good 
conductors of electricity are usually also good conductors of heat, which minimizes 
the likelihood of their thermal degradation during analyses. Occasionally, however, 
some specimens are not electrically conductive, hence a variety of techniques have 
been developed for obtaining SEM images of non-conducting samples. For this 
work, the surfaces of samples were coated with a thin film of metallic carbon 
produced by sputtering. Furthermore, SEM can be effectively combined with other 
methods. One of the most useful combinations is that of a scanning electron 
microscope with an energy-dispersive x-ray (EDX) spectrometer. In this method, the 
generated X‐ray emission (from the electron-beam interactions) is detected and 
analysed with an energy-dispersive spectrometer. This combination offers the 
possibility to obtain an SEM image along with elemental information of the sample 
at any point on the image [14-16]. 
 
3.6.4 Transmission electron microscopy  
The transmission electron microscope (TEM) is another type of electron microscopy 
technique that uses beam of energetic electrons generated by thermionic emission 
from a filament. The electrons interact with the ultra-thin sample as it passes 
through. An image is formed from this interaction; magnified and focused onto an 
imaging device. Just like SEM, TEM is also used to determine morphology and 
particles size of materials [17]. Additionally, high resolution TEM is used to 
determine crystallinity and calculate d-spacings from lattice fringes.  
 
For sample preparation in this work, a drop of sample particles dispersed in ethanol 
was spread on a carbon-coated copper grid and then allowed to dry at room 
temperature before the analysis. 
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3.6.5 Ultraviolet-visible spectroscopy  
Absorption spectroscopy based on UV and visible (UV-Vis) radiation is widely used 
for the identification of many different inorganic and organic samples. In fact, this 
method is probably the most widely used of all quantitative analysis techniques. A 
number of species exhibit unique UV absorption bands upon irradiation, and from 
this phenomenon, UV spectra are obtained and used for the identification of 
analytes [18]. In this work, a dilute colloid of the sample was introduced into a 
transparent cell and examined for spectrophotometric measurements. 
 
3.6.6 CHNS microanalyser 
This is a quantification technique that allows for the simultaneous determination of 
carbon, nitrogen, hydrogen and sulphur contents of materials. CHNS operates on 
the high-temperature combustion of the sample in an oxygen-rich environment. 
During elemental analysis using this method, the combustion of the sample converts 
carbon to carbon dioxide, hydrogen to water; nitrogen to nitrogen gas/oxides of 
nitrogen and sulphur to sulphur dioxide/trioxide. The formed combustion products 
are then swept out of the combustion chamber by inert carrier gas such as helium 
and then detected for quantification [19, 20]. 
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4.1 Abstract  
Silver nanoparticles (AgNPs) were synthesised separately and loaded onto the 
expanded layers of exfoliated graphite (EG) to form a silver nanoparticle-exfoliated 
graphite nanocomposite (AgNPs-EG). The AgNPs-EG was compressed into a pellet 
(0.6 cm in diameter) and used to prepare an electrochemical sensor for bisphenol 
A in standard and real thermal paper samples. The synthesised materials were 
characterised by scanning electron microscopy (SEM), ultraviolet-visible 
spectrophotometry (UV-Vis), x-ray diffraction (XRD) spectroscopy and energy 
dispersive X-ray (EDX) spectroscopy. The electrochemical behaviour of BPA on the 
AgNPs-EG sensor was investigated using cyclic voltammetry (CV) and square wave 
voltammetry (SWV). Under optimised experimental parameters, the oxidation peak 
current was proportionally linear to bisphenol A concentrations within a range of 5.0 
– 100 µM, and a coefficient of determination (R2) of 0.9981. The obtained detection 
limit of the method was 0.23 µM. The fabricated sensor was able to overcome 
electrode fouling with good reproducibility (RSD = 2.62%, n = 5) by mechanical 
polishing of the electrode on an emery paper. The sensor exhibited insignificant 
interferences from other phenolic molecules and was stable for a period of two 
weeks. Furthermore, the developed electrochemical sensor was successfully 
applied to the determine bisphenol A in thermal paper samples and demonstrated 
93.1 – 113% recoveries.  
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4.2 Introduction 
Bisphenol A (BPA) is amongst the highest volume chemicals produced in the world 
owing to its extensive industrial use, such as in the manufacturing of 
polycarbonates, epoxy resins and thermal papers. In the latter application, the 
compound is used as a colour developer, along with a thermochromic dye and an 
organic solvent, to create a print on faxes, ATM receipts, bus ticket, receipts and 
labels stuck on retail products [1]. Scientific evidence shows that BPA is an 
oestrogenic hormone and endocrine disruptor, which can easily transfer from the 
thermal paper (either occupationally or via everyday handling) to fingers and 
penetrates to a point where it reaches the bloodstream, thereby inducing endocrine 
disruption [2]. Even at trace levels, human exposure to BPA leads to adverse health 
issues such as infertility, diabetes, brain damage and various kinds of cancer [3-5]. 
Despite these facts, recent studies have shown that BPA is still used in thermal 
paper printing all over the world. This risky exposure and the toxicity of BPA in 
general, necessitate its detection and monitoring. 
 
Until recently, BPA detection was achieved through chromatographic technique 
such as high-performance liquid chromatography (HPLC) [6], liquid 
chromatography-mass spectrometry (LC-MS) [7] and gas chromatography coupled 
with mass spectrometry (GC-MS) [8]. These methods are associated with a number 
of drawbacks that limit their application. For example, they require skilled operators, 
large sample volumes, and are time consuming and expensive to maintain. On the 
other hand, electrochemical methods have extensively been reported in literature 
and have proven to offer a number of merits towards BPA detection owing to their 
high sensitivity, selectivity, low cost and rapid response. BPA presents in its 
molecular structure two hydroxyls, which can be oxidised at the electrode’s surface, 
rendering the possibility for electrochemical detection [9]. 
 
The oxidation of BPA is an irreversible process that produces polymeric films which 
foul electrode surfaces and thus resulting in diminished oxidative peak currents. It 
has been proposed that the polymeric films are due to electrochemical 
polymerisation, and this occurrence is considered as the main problem in the 
electrochemical detection of all phenolic compounds in general [7, 10, 11]. Hence, 
Chapter 4: Silver Loaded Exfoliated Graphite Nanocomposite Anti-Fouling Electrochemical Sensor for Bisphenol A in 
Thermal Paper Samples 
 
  89 
the development of electrochemical sensors with better properties such as low 
costs, minimal or no fouling effects is still a challenge. In order to avoid or minimise 
this issue, several approaches which include the use of catalytic, anti-fouling 
nanomaterials have been reported. Wannapob et al. [12] proposed a porous gold-
based electrochemical sensor for BPA detection and their electrode provided 
enhanced surface area and exhibited good electrolytic activity towards the oxidation 
of BPA. This work exhibited minimised electrode fouling due to the use of gold, with 
a limit of detection of 2.0 nM. In another study conducted by Ndlovu et al. [13], the 
use of low cost exfoliated graphite electrode, possessing a surface that can be 
reproduced/regenerated (as a way of dealing with the problem of fouling) was used 
for the quantification of BPA within a concentration range of 1.56 – 50 µM, with a 
limit of detection of 0.76 µM. A plethora of studies on EG have demonstrated that 
incorporating nanomaterials into EG to form composites, endows improved 
properties for sensing applications. Not only do these modifiers improve the limit of 
detection but they may also serve as anti-fouling agents and thus minimizes the 
electrode fouling issue [14-18]. 
 
Hence, the electrochemical detection of BPA proposed in this work is based on a 
composite of silver nanoparticles and exfoliated graphite (AgNPs-EG). When 
compared with other noble metal, silver has a great deal of attention owing to its 
good electrical conductivity, excellent catalytic activity, non-toxicity, simple 
synthesis and low cost [19-21]. As a result, reports on the use of AgNPs in the 
development of sensors (for a variety of analytes) with improved detection limits is 
available in literature [22, 23]. On the other hand, EG with properties such as high 
electrical conductivity and electron transport, mechanical strength and high surface 
area, is a suitable candidate for various applications, particularly as a substrate in 
electrochemistry [24-26]. With compressibility and mechanical strength, EG can 
therefore be easily compacted into a working electrode that allows surface 
regeneration by polishing on an emery-paper, as a way of tackling fouling. Based 
on these inherent properties of both EG and AgNPs, herein we report the use of an 
AgNPs-EG nanocomposite electrode for the development of an electrochemical 
sensor for BPA detection in thermal paper samples. 
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4.3 Experimental 
4.3.1 Materials and reagents 
Bisphenol A (≥99%), natural graphite flakes, sulphuric acid (99.98%), trisodium 
citrate (AR), 4-Nitrophenol (98%), phenol (99%), 4-Phenylphenol (97%), 3-
Chlorophenol (98%) and potassium chloride (≥99%) were all obtained from Sigma-
Aldrich (South Africa) and were used as received. Nitric acid (≥55%) was obtained 
from Honeywell Fluka (South Africa). Silver nitrate (99%) was obtained from ACE 
Chemicals (South Africa). Sodium borohydride (AR) was purchased from Sisco 
Research Laboratories Pvt. Ltd. (India). Phosphate buffer solutions (PBS, 10 mM) 
of different pH values were prepared with 10 mM sodium dihydrogen phosphate 
(AR, Sigma-Aldrich) and 10 mM disodium hydrogen phosphate (AR, Sigma-Aldrich), 
and their pH values were adjusted using sodium hydroxide (AR, Sigma-Aldrich) and 
hydrochloric acid (32%, Sigma-Aldrich). All the solutions were prepared using 
ultrapure water (18.2 MΩ.cm at 22 °C). 
 
4.3.2 Instrumentation 
The micrographs of EG and AgNPs-EG composite and elemental analysis were 
obtained using a field emission scanning electron microscope (FESEM) on a Zeiss 
Crossbeam 540 FEG SEM coupled with Oxford Instruments energy dispersive X-
ray (EDX) detector (United Kingdom). A Malvern Zetasizer (South Africa) was used 
for particle-size determination of AgNPs. The ultraviolet-visible (UV-Vis) spectra 
were recorded with an Agilent UV-Vis spectrophotometer (Malaysia). X-ray 
diffraction patterns were examined under X-ray diffractometer (XRD, Rigagu Ultima 
IV, Japan). Electrochemical experiments were conducted using an Ivium 
compactstat potentiostat (Netherlands) system connected to a three-electrode 
system. The electrode system comprised of an AgNPs-EG (and EG) compressed 
pellet placed on a copper wire as the working electrode, a platinum wire as a counter 
electrode and Ag/AgCl (in 3 M KCl) as a reference electrode. All solutions were 
sparged with argon gas before electrochemical measurements. 
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4.3.3 Synthesis of silver nanoparticles 
AgNPs were synthesised through reducing Ag ions from a silver salts using sodium 
borohydride and trisodium citrate. Sodium borohydride and sodium citrate acted as 
primary and secondary reducing agents respectively, and also as stabilizing agents. 
This was conducted at two different temperatures, 60 °C and 90 °C as follows: 5 
mM and 2 mM of freshly prepared aqueous solutions of sodium borohydride and 
trisodium citrate were mixed in 500 mL of deionised water and heated to 60 °C for 
30 min under magnetic stirring to produce a homogenous solution. After this, 1.22 
mM of AgNO3 was added to the reduction solution and the mixture immediately 
turned light yellow, confirming the formation of AgNPs. Thereafter, the temperature 
was increased to 90 °C and kept for 30 min under continuous stirring until being 
allowed to room temperature [27]. 
 
4.3.4 Preparation of EG and AgNPs-EG electrodes. 
The preparation of EG followed a two steps procedure: intercalation and exfoliation. 
The intercalation was achieved by soaking natural graphite flakes in a mixture of 
concentrated HNO3 and H2SO4 (in a volume ratio of 1:3) for 72 h at room 
temperature. The intercalated material was rinsed with deionized water until neutral 
pH and air-dried. Exfoliation was then carried out by subjecting the dried material to 
a pre-heated furnace at of 800 °C for 1 min [18]. 
 
The preparation of a composite of EG and silver nanoparticles (AgNPs-EG) was 
based on the following procedure: the prepared exfoliated graphite was poured in 
the as-prepared silver colloidal solution and the mixture was subsequently 
transferred into a 100 mL Teflon-lined autoclave. The autoclave was sealed and 
heated in an oven at 110 °C for overnight. After the reaction duration, the product 
was allowed to cool to room temperature, filtered, and air-dried. 
 
About 500 mg of the as-prepared AgNPs-EG nanocomposite was weighed and 
compacted without any binder into a pellet by a hydraulic press at high pressure for 
12 h. The pellet was employed in the construction of an electrode by using a copper 
wire, a conductive silver paint and a glass tube. The copper wire was coiled at one 
Chapter 4: Silver Loaded Exfoliated Graphite Nanocomposite Anti-Fouling Electrochemical Sensor for Bisphenol A in 
Thermal Paper Samples 
 
  92 
end to form a flat surface, which was scrubbed on a P120-grit sandpaper to remove 
any oxides on the surface. The AgNPs-EG pallet was then placed on the coiled flat 
surfaced copper wire with the assistance of silver paint and allowed to dry overnight. 
The electrode was then inserted into a glass tube and the edges of the pellet were 
subsequently covered with a Teflon tape so that the current is attributed only by the 
basal plane of the electrode. The same procedure was followed for the fabrication 
of the pristine EG electrode. The diameter of the AgNPs-EG (and EG) electrode was 
0.6 cm. Fouled electrodes were cleaned by polishing on a P1200-grit emery paper 
after every scan, to have renewed and activated surfaces, as a way of tackling 
electrode fouling. 
 
4.3.5 BPA extraction and sample preparation 
The detection of BPA in thermal printing paper follows a two-step protocol. Firstly, 
the compound was extracted from paper samples using ethanol and secondly, 
detection was employed [28]. Two types of thermal papers (travel tickets and retail 
store receipts) were collected and were referred to as sample 1 and 2, respectively. 
BPA was extracted according to a previously published method with slight 
modifications [2]. Briefly, thermal papers were cut into 4 mm diameter circular pieces 
using a puncher. Then 1.0 g from each sample was immersed into 10 mL of ethanol 
for overnight at 60 °C for the extraction process. After centrifugation, supernatants 
were filtered with a 0.45 µm filter, diluted with PBS and finally detected using SWV. 
 
4.4 Results and discussions 
4.4.1 Physicochemical characterisation 
The scanning electron images of EG and AgNPs-EG nanocomposite are shown in 
Figure. 4.1a and b-c, respectively. From Figure 4.1a and b, an accordion-like 
structure and the expanded layers of graphite with open cavities suitable for the 
entrapment of particles can be seen. The presence of AgNPs on EG after 
modification was evidenced as evenly distributed high-contrast nanoparticles on the 
surface of 1 dimensional layers of graphite on EG (Figure 4.1b and c). The 
successful synthesis of these AgNPs was confirmed by their characteristic strong 
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absorbance peak at around 393 nm (Figure 4.1d) [29, 30], and their particle-size 
was estimated to be 20 nm from zeta-sizer. Their loading on EG was further 
confirmed by EDX as shown by the spectrum in Figure 4.1e. The XRD pattern of 
the pristine exfoliated graphite (Figure 4.1f) showed two prominent diffraction peaks 
at 2θ = 26.33 ° and 54.52 °, corresponding to the (002) and (004) planes. These 
XRD peaks were attributed to the characteristic diffraction peaks of graphite and 
crystal phase respectively. For the AgNPs-EG composite materials (Figure 4.1g), 
well defined peaks were observed at 2θ = 37.74 °, 44.27 °, 64.10 °, 77.25 °and 86.83 
°, corresponding to (111), (200), (220), (311) and (222) planes of the face centred 
cubic (fcc) structure of metallic silver, respectively (JCPDS 04–0783), while still 
retaining the characteristic peaks of EG. The average crystalline size of Ag particles 
was about 15 nm, calculated from the (111) plane diffraction peak of Ag crystal by 
the Scherrer equation, 𝑫 =  
𝑲𝝀
𝜷𝒄𝒐𝒔𝜽
, where K represents the dimensionless shape 
factor, with a typical value of about 0.9, λ is the Cu Kα radiation wavelength (0.15406 
nm), β is the full width at half maximum (FWHM) in radians and θ is the scattering 
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d) 
e) 
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g)  
Figure 4.1: SEM of images a) EG, b) AgNPs-EG (at low magnification, X1000), c) 
AgNPs-EG (at a higher magnification, X10 000), d) UV-Vis spectrum of AgNPs 
and e) EDX of AgNPs-EG, and XRD patterns of f) EG and g) AgNPs-EG (Insert 
shows amplified Ag peaks suppressed by high intensity EG peaks). 
f) 
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4.4.2 Electrochemical characterisation the prepared electrodes 
Cyclic voltammetry (CV) and square wave voltammetry (SWV) were used to 
compare and study the electrochemical behaviours of bare EG and AgNPs-EG 
electrodes in [Fe(CN)6]3-/4- as a redox probe and in PBS. The presence of AgNPs in 
the AgNPs-EG electrode was proven electrochemically by CV using 10 mM PBS, 
pH 7.2 as the electrolyte (Figure 4.2a). The Ag+/Ag redox behaviour of AgNPs-EG 
electrode was observed at potentials 380 and 620 mV for the oxidation of AgNPs, 
and at -80 mV for the reduction of Ag cations. These redox peaks were not observed 
on the pristine EG electrode. These results corroborated those in Figure. 4.1, in the 
sense that Ag nanoparticles were successfully grafted on the EG substrate. When 
the electrodes were studied in [Fe(CN)6]3-/4-,the pristine EG electrode (Figure 4.2b) 
displayed a peak potential separation (∆Ep) of about 290 mV, which reduced to 
about 180 mV after loading with AgNPs. This indicated that the kinetics of electron 
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b)  
Figure 4.2: a) CV characterisation of EG and AgNPs-EG in 10 mM PBS, pH 7.2, 
b) CV curves of the bare EG and AgNPs-EG electrodes in 5 mM [Fe(CN)6]3-/4- 
containing 0.1 M KCl. 
 
4.4.3 Electrochemical behaviour of BPA at EG and AgNPs-EG electrodes 
The SWV responses of the two electrodes in BPA solution are presented in Figure 
4.3a. A 44.54% current enhancement and shift towards lower peak potentials on the 
AgNPs-EG electrode, compared to that of EG electrode was be observed. The 
marked increase in electro-oxidation peak current of BPA showed the 
electrocatalytic nature, large surface area and excellent conductivity conferred on 
EG by the AgNPs. The reduction of anodic peak potential denotes an increase in 
the electron transfer rate constant from BPA [31]. Furthermore, the reduction in the 
peak potential of BPA at the AgNPs-EG electrode suggests that a lower energy is 
needed to oxidise BPA – this is a further evidence of the electrocatalytic nature of 
AgNPs. A reduced peak potential can also help in eliminating some interferences 
from other phenolic electroactive species. Figure 4.3b shows successive scans at 
AgNPs-EG electrode surface to study electrode surface fouling. The obtained 
results showed that the intensity of oxidation peaks of BPA decline scan after scan. 
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These results clearly showed that even though the AgNPs modified electrode 
responded better than pristine EG towards BPA, the electrode was still susceptible 
to fouling. This observation was attributed to the electrode fouling phenomenon, in 
the sense that oxidative and polymeric products of BPA-oxidation were deposited 
on the electrode surface which blocked the access of BPA to the electrode [32]. The 
oxidation current signal declined by 74% on the 2nd scan, and further declined by 
81% on the 3rd scan. Moreover, an 83% current decline was recorded on the 7th 
scan (relative to the first scan), thus indicating a continuous and progressive 
deactivation of the electrode. As a way of tackling this problem, herein we propose 
mechanical polishing of the electrode surface between scans to counteract fouling. 
The fouled electrode was polished on a P1200-grid emery paper and the results 
showed successful regeneration of the electrode, since similar BPA oxidation peak 
currents were obtained after every polishing as shown in Figure 4.3c. This electrode 
regeneration method was reproducible, with electrochemical responses having a 
relative standard deviation (RSD) of 2.62%. The minor peaks observed (in Figure 
4.3a, b and c) at potentials between 0.20 and 0.25 V were possibly attributed to by-
products of the electro-oxidation of BPA [33]. 
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c)  
Figure 4.3: a) SWV curves of bare EG and AgNPs-EG electrodes in 10 mM PBS, 
pH 10 containing 5 mM BPA, b) Successive SWVs at AgNPs-EG electrode in 10 
mM PBS, pH 10 containing 5 mM BPA, c) SWVs of AgNPs-EG electrode at 5 runs 
with polishing in 10 mM PBS, pH 10 containing 5 mM BPA. SWV experiments 
were conducted at 0.05 V amplitude, 25 Hz frequency and a step potential of 0.01 
V. 
 
4.4.4 Effects of electrolyte pH on BPA electro-oxidation 
SWV was used to study the effects of solution pH on peak currents and peak 
potentials in 10 mM PBS, pH 7.0 to 12, containing 5 mM BPA. As shown in Figure 
4.4, an increase in anodic peak current with increasing pH was observed until pH 
9.0, after which a sharp decrease was observed when the solution pH exceeded pH 
9.0. The highest response pH was lower than the pKa of BPA (pKa = 9.73), which 
served as an indication that the non-dissociated BPA interacted or adsorbed better 
than the dissociated BPA on the AgNPs-EG electrode [34]. Therefore, pH 9.0 was 
adopted as the optimum pH value for all subsequent electrochemical experiments. 
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Furthermore, under this study, the anodic peak potential (Epa) shifted towards the 
more negative potentials with the increase in pH, conforming to the regression 
equation: Epa (V) = -0.05569 pH + 1.10112 (R2 = 0.99253). The obtained gradient of 
0.05569 V.pH-1 was close the theoretical value of 0.0576 V.pH-1, which was an 
indication that the electrons transferred were accompanied by the same number of 
protons on the AgNPs-EG electrode [35]. Therefore, it can be concluded that the 
electro-oxidation of BPA at AgNPs-EG electrode was a two-electron and two-proton 
process, and this illustrated in Figure 4.5. 
 
 
Figure 4.4: Effects of electrolyte pH on BPA oxidation of 5 mM BPA in 10 mM 
PBS. SWV experiments were conducted at 0.05 V amplitude and 25 Hz frequency, 
a step potential of 0.01 V, within 0.0 V to 1.0 V potential window. 
 
Chapter 4: Silver Loaded Exfoliated Graphite Nanocomposite Anti-Fouling Electrochemical Sensor for Bisphenol A in 
Thermal Paper Samples 
 
  103 
 
Figure 4.5: The possible reaction mechanism for the electro-oxidation of BPA on 
the AgNPs-EG electrode. 
 
4.4.5 Analytical performance of the AgNPs-EG sensor. 
Under the optimal experimental pH conditions, the prepared AgNPs-EG sensor was 
employed to detect a series of BPA solutions with different concentrations using 
SWV and responses are presented in Figure 4.6a. The peak currents increased 
linearly with the increasing of BPA concentration in the range from 5.0 to 100 μM 
with a linear regression equation as I (μA) = 0.95988 [BPA] (µM) + 11.8201 (R2 = 
0.9981). The detection limit of the method was calculated using the equation, LOD 
= 3xSD/b, where SD was the standard deviation of three blank measurements and 
b was the slope of the calibration plot. From Figure 4.6b, a detection limit of 0.23 
µM was calculated for this work. For control study, SWV measurements of the EG 
electrode were also conducted within the same linear concentration range, under 
the same optimised electrolyte pH. The calibration plot of the EG electrode (in 
Figure 4.6b) showed a lower sensitivity (as interpreted by a lower slope of 
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interpreted from a lower correlation coefficient value of (R2) 0.8272) due to its 
ineffectiveness in the electro-oxidation of BPA. Table 4.1 compares the 
performance of the AgNPs-EG sensor with those reported previously and from this, 
it can be inferred that the AgNPs-EG based sensor exhibited either comparable or 
even better response towards BPA detection. 
 
a)  
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b)  
Figure 4.6: a) SWVs of AgNPs-EG electrode in 10 mM PBS, pH 9.0 containing 
different concentrations of BPA (5.0, 20, 30, 50, 80 and 100), b) Calibration plot of 
response currents of AgNPs-EG and EG electrodes as a function of BPA 
concentrations. 
 








(3D-GN)/Cu/Fe3O4 7.2 – 18 1.70 [36] 
PEDOT-GCE 40 – 410 22.0 [37] 
AuNp@MOF 200 – 1000 37.80 [38] 
CNHs-Nafion/GCE 2.0 – 1000 1.80 [39] 
SWCNT/GCE 10 – 100 7.30 [40] 
Gr-AuCuNP/AuE 0.1 – 30 1.31 [41] 
Gr-AuCuNP/AuE 0.1 – 100 1.91 [41] 
MWCNTs/GCE 2.0 – 30 0.5 [42] 
AgNPs-EG 1.0 – 50 0.23 This work 
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4.4.6 Interference and Stability studies of the AgNPs-EG electrode. 
The influence of interferences on the detection of BPA was studied in 10 mM PBS 
(pH 9.0) electrolyte solution containing BPA in the presence of possible interfering 
species like 4-nitrophenol, 3-chlorophenol, phenol, and 4-phenylphenol. Figure 
4.7a shows that no severe interference was caused by the presence of these 
interfering molecules. Intensity current changes of only 9.89%, 16%, 0% and 0.55% 
were observed when 3-Chlorophenol, 4-Nitrophenol, 4-Phenylphenol and phenol 
were present respectively. This is an indication that the AgNPs-EG sensor exhibited 
relatively reasonable ability to detect BPA without the interference of the chosen 
species. Furthermore, the stability of the electrode was conducted for a period of 
two weeks. After detection of 30 µM BPA in 10 mM PBS (pH 9.0), the electrode was 
polished, rinsed with deionised water and stored for 14 days at room temperature. 
The oxidation of the same BPA concentration after this storage period retained more 
than 85% of the initial current response, as shown in Figure 4.7b. Hence, AgNPs-
EG sensor exhibited good stability for BPA detection. 
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Figure 4.7: a) Effect of the presence of 50 µM 3-chlorophenol, 4-nitrophenol, 
phenol and 4-phenylphenol on the signal responses obtained for 50 µM BPA in 10 
mM PBS, pH 9.0, b) Stability study of the AgNPs-EG electrode for a period of 2 
weeks. 
 
4.4.7 Analysis of real thermal paper samples 
In order to evaluate the performance of AgNPs-EG electrode in practical analytical 
applications, the determination of BPA in thermal paper samples was carried out 
through a recovery study and the results are shown in Table 4.2. The recovery of 
BPA was from 93.1% to 113%, indicating that the proposed electrochemical sensor 
was reliable, effective, and accurate for practical applications. 
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Table 4.2: Detection of BPA in Thermal Papers by the AgNPs-EG Electrochemical 
Sensor. 
Sample Added (µM) Found (µM)  Recovery (%) 
Sample 1 10 11.35 ± 0.45 113 
Sample 2 10 17.66 ± 1.17 93.1  
 
4.5 Sub-conclusion 
We have developed a simple anti-fouling electrochemical sensor for the quantitative 
detection of BPA using a silver nanoparticle-modified exfoliated graphite electrode. 
The anti-fouling property was achieved by a simple step of mechanical polishing of 
the electrode for surface renewal. Relative to the pristine EG electrode, the silver 
nanoparticles incorporated electrode allowed for the oxidation of BPA in less basic 
conditions and further improved/lowered the detection limit of the sensor. The 
proposed sensor was further applied in the detection of BPA in thermal paper real 
samples and exhibited good recoveries. Furthermore, the sensor exhibited 
insignificant interferences from potential BPA co-existing molecules and also 
showed good long-term stability. Therefore, this easy to fabricate electrochemical 
sensor offered a potential application for BPA environmental monitoring while 
mitigating the problem of electrode fouling by BPA. 
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An electrochemical aptasensor for the detection of bisphenol A was presented. 
Silver nanoparticles (AgNPs) were successfully grown on the surface of oxidised 
carbon nanofibers (CNFs) through an in-situ reduction route. The material prepared 
(AgCNFs) was characterised by transmission electron microscopy (TEM), X-ray 
diffraction (XRD), energy dispersive X-ray spectroscopy (EDX), CHNS elemental 
analysis and Fourier transform infrared (FT-IR) spectrometry. The AgCNFs 
nanocomposite was used as an immobilisation platform for the attachment a 
bisphenol A specific 63-mer ssDNA aptamer to form a biosensor. The fabrication 
process of the biosensor was studied by electrochemical impedance spectroscopy 
(EIS) and cyclic voltammetry (CV) in the presence of [Fe(CN)6]3−/4− as redox probe. 
By interaction of bisphenol A with the biosensor, the aptamer adapted a 
conformational change which led to blocked interfacial electron transfer of the redox 
probe. After optimisation, the biosensor detected bisphenol A in a linear range of 
0.1 – 10 nM, with a limit of detection of 0.39 nM using square wave voltammetry 
(SWV). The biosensor also exhibited good specificity in the presence of interfering 
species at 100-fold concentrations, long term stability and good reproducibility. Real 
sample analysis was carried out and the obtained results demonstrated good 
recoveries, thus endorsing potential practical application of this method for 
bisphenol A quantification. 
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5.2 Introduction 
Over the past years, there has been a rapid increase of attention focused towards 
investigations on endocrine disrupting compounds such as bisphenol A (BPA, 2,2-
bis (4-hydroxyphenyl) propane). BPA is considered a very essential industrial 
intermediate for the synthesis of polymers like epoxy resins and polycarbonates, 
which are extensively utilised in a number of common consumer products such as 
dental sealants, water bottles, medical devices, food cans, and tableware [1-3]. 
However, Lin et al. [4] in their study reported that as these polymer matrix ages, 
BPA is released into the environment by 1000-fold, thus making human exposure 
inevitable. Data from several studies show that the amount of BPA to which humans 
are subjected to may cause adverse health effect including breast cancer [5], 
diabetes [6], decrease of sperm quality [7] and infertility [8]. Therefore, the detection 
of BPA for environmental monitoring, using rapid, sensitive and selective analytical 
methods cannot be overemphasised. 
 
Electrochemical sensors for BPA present features such as low cost, ease of 
miniaturisation, fast analysis time and so on over other conventional techniques like 
high-performance liquid chromatography (HPLC) [9], high performance liquid 
chromatography coupled with mass spectroscopy (HPLC-MS) [10] and gas 
chromatography coupled with mass spectroscopy (GC-MS) [11]. The two main 
challenges in electrochemical sensors for BPA are interferences from other 
electroactive species and more importantly, the challenge of electrode fouling. 
Exploiting the inherent selectivity in bioreceptors, the challenge of interferences can 
be reduced with biosensors as analytical tools for the detection of BPA. 
Furthermore, since the electrochemical biosensor protocol may not involve the 
direct electro-oxidation of the BPA (which causes polymer residues), the challenge 
of fouling can be totally removed. Based on these advantages, electrochemical 
biosensors for BPA can be feasible tools in BPA detection and some of such reports 
are discussed in a review paper by Tajik et al. [12]. 
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Amongst biosensors, aptasensors (biosensors incorporated with aptamers as 
biomolecules) has been the most dominant due their exceptional selectivity and 
sensitivity. Aptamers are short, target specific oligonucleotide sequences generated 
using an in-vitro selection and amplification technique called Systematic Evolution 
of Ligands by Exponential Enrichment (SELEX), using a random pool single 
stranded DNA or RNA [13]. They are preferred over antibodies as bioreceptors for 
biosensors due to their inherent properties such as simple synthesis, high specificity 
and affinity for their targets, ease of modification and chemical stability [14-16]. They 
can be selected to bind to a number of targets, including inorganic ions, small 
molecules, whole cells and proteins [17]. Since the first successful isolation of a BPA 
specific aptamer by Jo et al. [18] using SELEX, many reports have been available 
on the use of aptasensors for BPA determination [19-22]. 
 
To improve the sensitivity of aptasensor’s to analytes, various nanomaterials such 
as carbon materials, noble metal nanoparticles, and organic frameworks, have been 
explored. Amongst these nanomaterials, carbon materials have attracted much 
attention for their low toxicity, large surface area, excellent electrical conductivity 
and biocompatibility, thus rendering promising biosensing performances in the 
detection of heavy metals [23], cancer biomarkers [24] and endocrine disrupting 
compounds [25]. Of particular interest for this work are carbon nanofibers (CNFs), 
which are one-dimensional carbon-materials with diameters around 50 – 100 nm 
and lengths around 0.5 – 100 µm, obtained using a simple electrospinning method. 
This synthesis method of CNFs provides advantages in terms of reproducibility, 
efficiency, high yield cost effectiveness [26, 27]. 
 
Noble metal nanoparticles (NMNPs) on the other hand, have also proven to exhibit 
unprecedented advantages in biosensor construction. This is because of their 
dimensional similarities with biomolecules and their large area, providing 
opportunities for stable immobilisation of biomolecules with retained bioactivities. 
Furthermore, the high electrical conductivity of NMNPs facilitate electron 
communication between biomolecules and electrode surfaces [28, 29]. Deiminiat et 
al. [30] constructed an immobilisation platform using a composite of functionalised 
multiwall carbon nanotubes and gold nanoparticles (AuNPs) for BPA aptasensing. 
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The presence of AuNPs in their work allowed for simple wiring of the thiolated-
aptamer via gold-thiol linkage (Au-SH). In another study by Sahraei et al. [31], a 
biosensor was fabricated by electrodepositing AuNPs and platinum nanoparticles 
(PtNPs) on a glassy carbon electrode (GCE) that was previously coated with carbon 
nanotubes. The composite of these NMNPs provided a highly conductive 
immobilisation layer, which was biocompatible for aptamers. Silver nanoparticle 
(AgNPs) have also been reported to be electrocatalytic, improve electroactive 
surface area of electrodes and possess excellent conductivity. Thus, they are also 
widely used nanomaterial in sensing and biosensing platforms in a number of 
studies [32-34]. 
 
With the motivation to electrochemically analyse BPA while mitigating the challenge 
of electrode fouling and the intention of harnessing the properties of CNFs and 
AgNPs to enhance sensitivity, we present a biosensor based on a silver 
nanoparticle/carbon nanofiber composite (AgCNFs) platform. A ssDNA thiolated-
aptamer probe was immobilised on a modified glassy carbon electrode 
(GCE/AgCNFs) by forming a silver-thiol (Ag-SH) bond between the AgNPs and the 
thiol moiety on the aptamer. The developed detection tool was applied in the 
quantification of BPA in standard and real samples. The conjugation of CNFs, 




5.3.1 Chemicals and reagents 
A synthetic aptamer for BPA molecules with the sequence: 5’-SH-(CH2)6-CCG GTG 
GGT GGT CAG GTG GGA TAG CGT TCC GCG TAT GGC CCA GCG CAT CAC 
GGG TTC GCA CCA-3’, was manufactured by Inqaba Biotechnical Industries (PTY) 
Ltd (Pretoria, South Africa). Bisphenol A, magnesium chloride (MgCl2), 
tris‐(2‐carboxyethyl) phosphine hydrochloride (TCEP), dimethylformamide (DMF), 
tris (hydroxymethyl) aminomethane, CNFs with purity > 98%, 100 nm diameter and 
20 – 200 µm length, sodium chloride (NaCl), 17α-ethynylestradiol, β-estradiol, 4-
nitrophenol, 3-chlorophenol, phenol, and 4-phenylphenol were all obtained from 
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Sigma Aldrich (South Africa). A stock solution (100 µM) of the oligonucleotides was 
prepared with 10 Mm Tris–HCl buffer solution, pH 7.2 and kept at -20 °C when not 
in use. All other working solutions were prepared using ultrapure water from a 
Millipore purification system (resistivity ≥ 18.2 MOhm.cm at 25°C, South Africa). 
 
5.3.2 Instrumentation 
Electrochemical studies were conducted using an Ivium compactstat potentiostat 
(The Netherlands), equipped with a three-electrode system: a Ag/AgCl (3 M KCl) 
reference electrode, a platinum auxiliary electrode and a glassy carbon working 
electrode. High Resolution Transmission electron microscopy (HR-TEM) analysis 
was performed using JEOL JEM- 2100F (United States), equipped with energy 
dispersive X-ray (EDX). X-ray diffraction (XRD) studies were conducted on an X’Pert 
Philips X-ray diffractometer coupled with monochromatic Cu Kα (0.1540 nm). 
Fourier transform infrared spectroscopy spectra were obtained from Bruker-Alpha 
FTIR (South Africa) using the KBr pellet technique by mixing of 1 mg of materials 
with 0.1 g KBr. CHNS elemental compositions were obtained from on a 
Thermofisher scientific flash 2000 (USA). 
 
5.3.3 Preparation of CNFs 
CNFs were chemically oxidised using acid treatment according to a procedure 
described previously [35], but with little modification. This treatment generates 
groups rich in oxygen at the CNFs surface, thus imparting a highly stable and 
homogenous dispersion. Briefly, a 200 mg mass of CNFs was refluxed in 50 mL of 
55% HNO3 for 24 h at 140 °C. The final product was washed several times with 
water until a pH of 7 was attained and then dried at 80 °C overnight.  
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5.3.4 Modification of CNFs with silver nanoparticles. 
AgNPs were deposited on the treated CNFs following an in-situ reduction route that 
was reported in literature [36], but with some slight modifications. Briefly, 60 mg of 
the acid treated CNFs were dispersed into 60 mL deionised water using 
ultrasonication to form a homogeneous dispersion, followed by adding 2.4 mL of 
AgNO3 (100 mM) and 2.4 mL of sodium citrate solution (100 mM). The resulting 
mixture was vigorously stirred in an ice/water bath. This was followed by a slow 
addition of 4.6 mL of NaBH4 (300 mM) into the above solution. After that, the 
resultant mixture was continuously stirred in the ice/water bath for 4.5 h and then 
aged at room temperature for 12 h. Finally, the Ag/CNFs composite was filtered 
using 0.45 µM PVDF membrane, washed several times with deionised water and 
ethanol. The final product was obtained by drying at 80 °C overnight. 
 
5.3.5 Preparation of the AgCNFs based biosensor. 
GCE was cleaned by polishing with alumina of varying particle sizes (1.0, 0.3 and 
0.05 µm, respectively) and rinsed with ethanol and deionised water. Subsequently, 
the electrode was treated by CV in 0.5 M H2SO4 aqueous solution by applying 
potential from -0.5 to 1.5 V, at a scan rate of 100 mV.s-1 until reproducible 
voltammograms were obtained. The pre-treated GCE was rinsed with distilled water 
and air dried. A 20 mg mass of AgCNFs composite was dispersed in a 5 mL volume 
of DMF and sonicated for 15 min to form a homogenous dispersion. Thereafter, a 
20 µL volume of the dispersion was drop-casted on the electrode and the solvent 
was allowed to evaporate for overnight at room temperature. This nanoparticle 
modified electrode was labelled GCE/AgCNFs. Then, a 63-mer oligonucleotide with 
thiol-modification was immobilised onto the GCE/AgCNFs immobilisation layer via 
self-assembly using Ag-SH linkage. Before this however, the aptamer solution was 
treated with TCEP (1 mM) for 1 h to reduce the disulphide bonds. Then, 
GCE/AgCNFs was incubated in 10 mM Tris-HCl buffer solution (pH 7.6) containing 
1 µM of aptamer probe (SH-Apt) for 18 h in a refrigerator at 4 °C. After attachment, 
the electrode was rinsed carefully with PBS to remove any non-specifically bound 
aptamers. The fabricated electrode, with configuration GCE/AgCNFs/SH-Apt, was 
then applied as an electrochemical biosensor for the detection of BPA in all 
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subsequent studies, with [Fe(CN)6]3-/4- as a redox probe. The proposed biosensor 
detection protocol is illustrated in Figure 5.1. For comparison, GCE/CNFs was 
prepared in a similar manner using a CNFs dispersion. 
 
 
Figure 5.1: Bisphenol A electrochemical biosensor. 
 
5.3.6 Electrochemical measurements 
For target detection, aptamer-target complexes were formed by immersing the 
biosensor in a binding buffer solution (25 mM Tris-HCl, pH 8.0 with 100 mM NaCl, 
10 mM MgCl2 and 25 mM KCl) containing a given BPA concentration for 30 min at 
room temperature, followed by thoroughly rinsing with PBS to remove any weakly 
bound BPA molecules. Then, electrochemical measurements were conducted in 5.0 
mM [Fe(CN)6]3-/4-, containing 0.10 M KCl redox probe. Cyclic voltammetry 
measurements were conducted within the potential of window of -0.2 to 0.8 V, at a 
scan rate of 50 mV.s-1. SWV measurements were conducted under the following 
conditions: The potential window was set between -0.1 and 0.6 V at a step potential 
of 0.01 V, amplitude of 0.02 V and frequency of 15 Hz. EIS was carried out at a bias 
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between 100 KHz and 100 mHz. All measurements were carried out at room 
temperature. 
 
5.4 Results and discussions 
5.4.1 Physicochemical characterisation 
CHNS elemental composition studies were conducted to evaluate the composition 
of pristine and acid treated CNFs. As indicated in Table 5.1, the oxygen composition 
on the surface of the treated CNFs was 10.97%, which was much higher than that 
of the pristine CNFs (0.35%), indicating that oxygen-containing functional groups 
were successfully introduced on CNFs by the acid treatment process. Corroborating 
this, the FT-IR spectra of the pristine CNFs and acid treated CNFs are presented in 
Figure.5.2. Functionalisation of CNFs was indicated by new peaks from oxygen-
containing functional groups, including those of C=O stretching at 1624 cm-1, 
stretching vibration and deformation of –OH groups at 3432 cm-1, and the stretching 
vibration of C–O bonds (including those in phenol groups) at 1062 cm-1. 
Furthermore, the appearance and increased intensity of these peaks suggested that 
extra oxygen moieties were introduced on the surface of CNFs after acid treatment 
[27]. These added oxygen functional groups made CNFs to be more hydrophilic, 
thus forming more stable dispersions and provided more favourable attachment 
sites for the growth of AgNPs (Ag+ attach more easily onto the surface of the 
oxidised CNFs (negatively charged) because of the electrostatic attraction with the 
oxygen functional groups) [36]. Furthermore, amongst all metals, silver is unique for 
its affinity towards oxygen [37]. 
 
Table 5.1: Elemental composition of pristine and acid treated CNFs in weight 
percentage. 
Sample  C H N S O 
Pristine CNFs 99.61 – 0.04 – 0.35 
Acid treated CNFs 89.03 – 0.04 – 10.93 
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Figure 5.2: FT-IR spectra of pristine and acid treated CNFs. 
 
Figure. 5.3a presents the fibrous structure of CNFs using TEM. On this image, the 
dark particles were those of AgNPs. The average diameter of the AgNPs on the 
surface of CNFs was estimated to be about 53 nm. Figure 5.3b shows the XRD 
pattern of AgNPs functionalised CNFs. The peak at 2θ = 26.78 ° was attributed to 
the diffraction peak of (002) lattice plane of graphitic structure of CNFs. The 
diagnostic diffraction peaks at 2θ = 38.74 °, 44.87 °, 65.09 °, 78.06 ° and 82.38 ° 
were attributed to the diffraction of (111), (200), (220), (311) and (222) planes of 
AgNPs, respectively (JCPDS No. 04-0783). This furthermore demonstrated that 
these nanoparticles had a typical face-centred cubic structure and revealed that 
silver ions have been successfully reduced to a 0 value of metallic silver (Ag0) in the 
in-situ process. The Ag peak was also revealed in the EDX spectra shown in 
Figure.5.3c, to further confirm that AgNPs were indeed present on the AgCNFs 
composite. The TEM, XRD and EDX results presented in Figure 5.3 showed that 
AgNPs were successfully synthesised on the surface of CNF via a simple in-situ 
growth method, where Ag+ ions electrostatically interacted with the carboxylic and/or 
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phenolic groups on the surface of CNFs, and then reduced to Ag0. The schematic 
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b)  
c)  
Figure 5.3: a) TEM image, b) XRD pattern and c) EDX spectrum of the prepared 
AgCNFs. 
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Figure 5.4: Schematic diagram of the formation of AgNPs on the surface of CNFs. 
 
5.4.2 Electrochemical characterisation of the biosensor 
The different electrodes making up the biosensor were characterised by CV in 5 mM 
[Fe(CN)6]3-/4-  solution, containing 0.1 M KCl as a redox probe. The peak current and 
potential peak separation (ΔEp) were used as indices for improved interfacial 
kinetics of the redox probe. As shown in Figure 5.5a, the bare GCE had a pair of 
redox peaks, with a ΔEp of 280 mV. After modification with CNFs, the peak current 
increased significantly, and ΔEp reduced to 230 mV. With respect to bare GCE, the 
peak current observed on the GCE/CNFs increased by 41.90%. This increment in 
current and reduction in ΔEp were ascribed to high electrical conductivity of CNFs, 
thus facilitating a facile electron-transfer process. Interestingly, the highest current 
enhancement of almost 80% was observed when a composite of AgNPs and CNFs 
(AgCNFs) was used as a modifier. This increase suggested a synergistic 
combination of the highly conductive CNFs and highly electrocatalytic AgNPs, which 
improved the rate of electron transfer and provided an even larger surface area. 
Direct evidence for the presence of AgNPs on the surface of GCE/AgCNFs was 
obtained when the ferri/ferrocyanide probe was replaced by PBS which is not 
electroactive. Figure 5.5b shows cyclic voltammograms of the electrodes in 10 mM 
PBS (pH at 7.2), and from this, a system of visible anodic peaks at 330 mV and 620 
mV were observed. These were characteristic oxidation peaks of AgNPs. 
Furthermore, reduction peaks appeared at potentials -90 mV and -230 mV, which 
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were attributed to the reduction of Ag+ cations. This redox behaviour of the Ag+/Ag 
couple was an indication of the successful incorporation of AgNPs onto the surface 
of CNFs [38-41]. In contrast, there were no observable redox peaks on the 
GCE/CNFs and bare GCE. 
 
Furthermore, a scan rate study was then performed on the AgCNFs modified 
electrode. From Figure 5.5c, it can be observed that the anodic and cathodic peak 
potentials (Epa and Epc) were not dependent of the scan rate. Moreover, the Randles-
Sevcik plot shown in the insert displayed a proportional linearity, with a coefficient 
of determination of (R2) of 0.9971. These results confirmed a reversible and 
diffusion-controlled process occurring at the [Fe(CN)6]3-/4--GCE/AgCNFs interface. 
 
Finally, When the BPA aptamer was immobilised on the GCE/AgCNFs surface, 
making up GCE/AgCNFs/SH-Apt (biosensor), the redox peak current of 
[Fe(CN)6]3−/4− abruptly reduced, presumably as a result of i) the poor conductivity of 
the ssDNA and ii) the electrostatic repulsion existing between the anionic redox 
probe and the anionic ssDNA aptamer backbone [42]. This reduction in redox 
current served as an indication that the aptamer was successfully immobilised onto 
the surface of GCE/AgCNFs. A further current reduction was observed upon the 
interaction of the biosensor with BPA, due to the adaptation of the aptamer into a 
G-quadruplex conformation, thus resulting in the obstruction of electron flow to the 
GCE/AgCNFs surface. In addition to physical blockage caused by the aptamer to 
electron flow, the aptamer binding to BPA showed more of the negatively charged 
phosphate-backbone to the negatively charged redox probe, thus further causing 
repulsion to electron flow [25, 43]. This also endorsed the biocompatibility of the 
AgCNFs immobilisation platform since the biological conformation of the aptamer 
for BPA was retained. 
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A similar observation was experienced when the electrodes were characterised 
using EIS. This technique encompasses electrical parameters such as the charge 
transfer resistance (Rct), resistance of the solution (Rs) and Warburg impedance 
(ZW). The Rct value can be obtained from the diameter of the semi-circular portion 
observed at higher frequencies of the Nyquist plot. Figure 5.5d shows a Nyquist 
plot of the different electrodes. All EIS data were fitted with an equivalent circuit 
model as shown in Figure 5.5d (insert). It can be noted that Rct value of GCE/CNFs 
reduced to 16.98 Ω, from a value of 715.7 Ω obtained on bare GCE. This decrease 
in Rct was caused by facile electron transfer processes, which was as a result of the 
high surface area provided by the nano-dimensional structure of CNFs. After the 
loading of AgNPs functionalised CNFs, Rct further reduced to almost zero, which 
was indicative of a very facile electron transfer. This implied that AgNPs and CNFs 
provided a synergistic interplay of increased conductivity and catalysed rate of 
electron transfers, as explained previously. Subsequently, when the aptamer was 
immobilised onto AgCNFs, Rct increased to 157.4 Ω, which served as an indication 
that the self-assembly process of the single strands onto the surface of 
GCE/AgCNFs was successful. The EIS data obtained was in agreement with those 
obtained from the CV, and clearly demonstrated that a BPA biosensor was 
developed successfully. 
a)  
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d)  
Figure 5.5: a) CV overlay of electrodes making up the biosensor in 5 mM 
[Fe(CN)6]3-/4- containing 0.1 M KCl, b) CV plots of different electrodes in 10 nM 
PBS, pH 7.2, c) A scan rate study of GCE/AgCNFs. Inset: Plot of Ipa vs υ1/2, d) 
Nyquist plots of electrodes making up the biosensor in 5 mM [Fe(CN)6]3-/4- 
containing 0.1 M KCl. 
 
5.4.3 Optimisation of experimental conditions of the biosensor 
To obtain the maximum sensitivity, SWV was used to optimise parameters such as 
aptamer concentration, aptamer incubation time and aptamer-BPA complexation 
time. Peak current changes (ΔIp, i0 – i, where i is the anodic peak current of the 
biosensor after BPA incubation, while i0 is the anodic peak current before BPA 
incubation) were recorded. For aptamer concentration optimisation, varying 
aptamer concentrations between 0.5 – 10 µM were casted in volumes of 20 µL on 
GCE/AgCNFs and allowed to immobilise via the Ag-SH self-assembly for a duration 
of 24 hours. The results illustrated in Figure 5.6a revealed that the best conditions 
for the detection of BPA according to the sensitivity (maximum ΔIp) were obtained 
for aptamer concentration of 2.0 µM. Therefore, 2.0 µM was taken as the optimal 
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concentration for all subsequent experiments. The influence of incubation time of 
the aptamer on the sensitivity of the biosensor was also studied from 0.25 to 6 h. 
The dependence of ΔIp relative to incubation time is shown in Figure 5.6b, where 
the sensitivity was maximum at 2 h. Thus, 2 h was recorded as the optimum aptamer 
incubation time. The time necessarily needed for the aptamer to bind to BPA was 
studied between 5, 15, 30, 45, 60 and 120 min. As deduced from Figure 5.6c, the 
highest ΔIp was realised at the incubation time of 45 min, and then remained almost 
unchanged as the time was exceeded, suggesting that the aptamer-BPA 
biorecognition event had completed. Hence, 45 mins was chosen as the optimised 
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Figure 5.6: Optimisation of a) aptamer concentration, b) aptamer incubation time 
and c) BPA incubation time. 
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5.4.4 Analytical performance of the biosensor 
SWV was used to study the detection BPA after the various parameters affecting 
the response peak current were optimised. The biosensor was immersed in 
solutions containing varying BPA concentrations and the resulting redox signals 
were recorded. Figure 5.7a showed a reduction of peak currents of the redox probe 
with increasing BPA concentration solutions. Furthermore, the peak current 
changes as shown in Figure 5.7b, were linearly correlated with BPA concentrations 
within the range 0.5 – 10 nM and gave a limit of detection of 0.39 nM. Furthermore, 
the reproducibility of the biosensor was evaluated by studying four similarly 
prepared biosensors and incubating them with the same BPA concentration. A 
relative standard deviation (RSD) between responses of these biosensors was 
11.10%, which was of analytical relevance and showed good reproducibility of the 
biosensor. Moreover, the biosensor was also subjected to a stability evaluation for 
a period of two weeks, where it was stored at the temperature of 4 °C in a 
refrigerator, and then used to analyse the same BPA concentration level. The 
biosensor reserved more than 80% of its initial response, which confirmed that the 
biosensor exhibited good stability. To study the selectivity of the biosensor, the 
effect of interfering species on the performance of biosensor was evaluated. 17α-
ethynylestradiol, β-estradiol, 4-nitrophenol, 3-chlorophenol, phenol, and 4-
phenylphenol were made present in the detection of BPA. The concentration of 
these interfering species was made to be 100 times higher than that of BPA and 
responses are shown in Figure 5.7c (1 nM BPA was studied against 100 nM of each 
interferent). The developed biosensor showed a specific response to only BPA and 
ignored other present molecules. When the response to BPA was set to 100%, 
measurement responses of the biosensor to solutions containing interfering species 
were only between 2.74 and 12.18%. The obtained results served as an indication 
that the biosensor had good specificity toward BPA, which was attributed to the 
specific recognition and affinity of the incorporated aptamer probe. The proposed 
method was then compared with a variety of other electrochemical sensors and 
biosensors for BPA determination (Table 5.2). This biosensor performed 
comparably with previous reports. 
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a)  
b)  
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c)  
Figure 5.7: a) Square wave voltammograms of the biosensor before, and after 
incubation in different BPA concentrations (0.5, 1.0, 2.0, 5.0, 7.0, 8.0 and 10 nM), 
(ΔIp, = i0 – i). b) Calibration curve of biosensor in different concentrations of BPA 
solutions, c) Selectivity of the biosensor. 
 
Table 5.2: Comparison of limit of detections and linear ranges of some BPA (bio) 
sensors. 







0.1 – 8.0 0.03 [25] 
aptamer/f-MWCNT/AuNPs/Au 0.1 - 10 0.05 [30] 
GC/MWCNT-SiO2@Au 0.1 – 100 0.01 [42] 
Au 2 - 800 2.0 [44] 
MCH/aptamer/Au/CuFe2O4-Pr-
SH/MWCNTs/GCE 
0.05 - 9 0.025 [45] 
GCE/AgCNFs/SH-Apt 0.5 - 10 0.39 This work 
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5.4.5 Practical application 
The applicability of this biosensor was evaluated by detecting BPA on real water 
samples. The water samples were diluted with Tris-HCl buffer, and then injected 
with varying BPA concentrations. Table 5.3 show that the recoveries obtained are 
between 102.6% and 123.6%, and the RSDs are in the range of 2.57 – 5.55%. The 
obtained results suggest the potential applicability of this biosensor in real samples. 
 
Table 5.3: Determination of BPA in real water samples (n = 3). 
Sample Added (nM) Detected (nM) RSD (%) Recovery (%) 
Water sample 5 6.18 5.55 123.6   
 8 8.21 2.57  102.6 
 
5.5 Sub-conclusion 
A composite of CNFs and AgNPs (AgCNFs) was successfully prepared via an in-
situ reduction process which allowed the immobilisation of AgNPs onto the surface 
of CNFs. This was confirmed by characterisation with TEM, EDX, XRD and CV. 
Owing to the synergy of AgNPs and CNFs, the composite material was used as an 
immobilisation platform for biosensor fabrication, which was then used for the 
detection of BPA. This approach avoids the fouling that is usually experienced in 
electrochemical sensors where the electro-oxidation of BPA is needed for the 
signalling of BPA. The biosensor exhibited excellent sensitivity towards BPA with 
good linearity and a low detection limit. Moreover, the AgCNFs-based biosensor 
was reproducible, stable, selective, and further showed potential applicability for 
environmental BPA monitoring. 
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A poly (propylene imine) dendrimer-carbon nanofiber nanocomposite (CNFs-PPI) 
immobilisation platform for an aptasensor for bisphenol A (BPA) is reported. Amino 
modified aptamers were immobilised on the CNFs-PPI platform by covalent bonding 
using glutaraldehyde as a cross-linker. The interfacial changes on the surface of the 
electrode during the biosensor fabrication and operation were investigated using 
electrochemical impedance spectroscopy (EIS), differential pulse voltammetry 
(DPV) and cyclic voltammetry (CV). The proposed aptasensor (GCE/CNFs-PPI/NH-
Apt) was able to detect BPA in the ranges 0.1 – 10 nM and 1 – 10 nM, with a limit 
of detection of 0.03 nM and 0.06 nM obtained from DPV and EIS, respectively. 
Furthermore, the biosensor had great selectivity towards the BPA molecule in the 
presence of interfering species and exhibited good reproducibility with a relative 
standard deviation of 6.2%. Real sample application of the proposed aptasensor in 




Bisphenol A (BPA) [2, 2-bis (4-hydroxyphenyl) propane (C15H16O2)], is an essential 
additive in the synthesis of a variety of consumer products such as household 
polymers/plastics, drinking water bottles, food/beverage packaging, tableware 
medical and electronic equipment [1]. BPA is unfortunately classified as an 
endocrine disruptive compound and thus hazardous to human health. Under certain 
conditions, BPA can leach from its polymers (or the product) into water and food, 
thus making human susceptible to continuous ingestion of this endocrine disrupting 
chemical. Research have shown that individuals exposed to BPA are subjected to 
detrimental health issues such as such as cardiovascular disorders, impaired brain 
development, affected immune function and sexual differentiation behaviours [2-6]. 
Therefore, there is an urgent need to come up with specific, accurate, sensitive and 
reliable tools for the detection of BPA. 
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Up to now, analytical techniques devoted for BPA detection include high-
performance liquid chromatography (HPLC) [7, 8], gas chromatography coupled 
with mass spectrometry (GC-MS) [9, 10], enzyme linked immune sorbent assays 
(ELISA) [11, 12] and electrochemical techniques [13, 14]. Amongst these methods, 
electrochemical biosensors, especially those based on the use of aptamers, have 
shown the greatest potential for BPA monitoring due to their cost effectiveness, 
excellent sensitivity and selectivity [15-18]. Aptamers are short, target specific 
single-stranded (ss) oligonucleotides produced by an in-vitro selection and 
amplification technique called Systematic Evolution of Ligands by Exponential 
Enrichment, SELEX, using a random oligonucleotide pool [19]. Immobilisation of 
these probes onto electrode surfaces is the most critical step during the 
development of aptamer-based biosensors for enhancing analytical performance, 
i.e., reproducibility, sensitivity, linearity, stability and reusability [20]. For this 
purpose, the presence of different functional groups on electrode surfaces such as 
–COOH, –OH, –NH2, –CHO is usually utilised to achieve successful bioconjugation 
[21]. 
 
Dendrimers are highly branched, synthetic three-dimensional macromolecules, 
which possess interesting properties such as good biocompatibility, adequate 
terminal functional groups and good chemical stability [20, 22]. Among the various 
types of dendrimers, a notable example of such is poly (propylene imine) (PPI) 
which has an abundance of tertiary inner amine groups and terminal primary amine 
functional groups. This dendrimer has been used extensively by Arotiba and co-
workers over the years to provide biocompatible immobilisation platforms for 
biomolecules in biosensors. PPI has been used as an immobilisation layer for DNA 
[20, 23], antibody [24, 25], enzyme [26, 27]. Idris et al. [28] reported an 
electrochemical antibody-based biosensor for the detection of carcinoembryonic 
antigen using a platform comprising of PPI and carbon nanodots. Biocompatibility 
properties of the dendrimer facilitated the immobilisation of the antibody and the 
prepared biosensor displayed good performance and stability for two weeks. 
Moreover, Mokwebo et al. [29] reported the preparation of a cholesterol enzyme-
based biosensor using a PPI and quantum dots (QDs) composite (PPI/QDs) as a 
biocompatible immobilisation layer for cholesterol oxidase (ChOx). The biosensor 
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(GCE/PPI/QDs/ChOx) demonstrated improved analytical performances and 
detected cholesterol within a linear range of 0.1 – 10 mM, and a limit of detection 
0.075 mM. PPI has also been reported in a study by Bilibana et al. [30] as suitable 
for the immobilisation of aptamers. 
 
Hence, in this work, PPI is adopted as an immobilisation platform for aptamer 
loading. It is interesting to mention that the choice of PPI is not just due to its 
excellent biocompatibility, but its structural properties that has large number of 
peripheral –NH2 functional groups is fully exploited. Through the covalent bonding 
between the amino peripheral groups of PPI with one aldehyde group of 
glutaraldehyde, the glutaraldehyde is attached to the electrode surface which is 
modified with PPI. Then the remaining aldehyde group on the other end is then 
bonded with the amino groups on the probe ssDNA aptamer, thus forming an 
aptasensor. 
 
Furthermore, with the intention to improve the performance of sensors and 
biosensors, carbon nanofibers (CNFs) are used for electrode modification because 
they possess large surface areas and excellent electrical properties [31, 32]. For 
example, Arvinte et al. [33] modified glassy carbon electrode with CNFs to design a 
catalytic electrochemical biosensor for β-nicotinamide adenine dinucleotide 
(NADH). A reduced oxidation potential of NADH by more than 300 mV was noted in 
the case of the CNFs-modified electrode with respect to the bare glassy carbon 
electrode. Rand et al. [34] reported a CNFs-based electrode for simultaneous 
determination of serotonin (5-HT) and dopamine (DA), with ascorbic acid (AA) 
presence an interfering species. Their study showed that the electrode 
electrochemically discriminates between DA and 5-HT from AA, which was not the 
case when glassy carbon electrode was used. This ability is due to the 
nanostructure of the CNFs and the existence of a number of active sites along the 
sidewall. Other carbon nanofiber incorporated electrodes have been reported for the 
improved detection of hydrogen peroxide [35], glucose [36], and lactate [37]. 
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In this paper, a sensitive and selective BPA aptasensor, based on CNFs-PPI 
composite immobilisation layer, is reported. The composite was prepared through a 
hydrothermal treatment of CNFs and PPI. The aptasensor was constructed by 
covalent immobilisation of amine-funtionalised aptamers onto the GCE/CNFs-PPI 
using glutaraldehyde as a cross-linking agent. The effect of each component in the 
aptasensor design was studied and the analytical performance of the aptasensor 
was determined in terms of detection limit, reproducibility and selectivity. Finally, the 




6.3.1 Reagents and materials 
An aptamer specific for bisphenol A and modified by amino group at the end 5’ end: 
5’-NH2-(CH2)6-CCG GTG GGT GGT CAG GTG GGA TAG CGT TCC GCG TAT 
GGC CCA GCG CAT CAC GGG TTC GCA CCA-3’ was purchased from Inqaba 
Biotechnology Industries (PTY) Ltd (South Africa). Glutaraldehyde solution (25%), 
tris (hydroxymethyl) aminomethane, Carbon nanofibers and dimethylformamide 
(DMF) were all obtained from Sigma Aldrich (South Africa). Generation-3 poly 
(propylene imine) dendrimer (G3-PPI) was obtained from SyMO-Chem, Eindhoven 
(Netherlands). A stock solution (100 µM) of the oligonucleotides was prepared with 
10 mM Tris–HCl buffer solution, pH 7.2 and kept at -20 °C when not in use. All other 
solutions were prepared using ultrapure water (18.2 MΩ cm at 22 °C). 
 
6.3.2 Instrumentation  
Electrochemical experiments (DPV, CV and EIS) were conducted using an Ivium 
Compact-Stat potentiostat (The Netherlands), consisting of a Ag/AgCl reference 
electrode containing 3 M KCl, a platinum wire auxiliary electrode and a glassy 
carbon electrode. CHNS elemental composition data was obtained from a 
Thermofisher scientific flash 2000 (USA). High Resolution Transmission Electron 
Microscopy (HR-TEM) was conducted on a JEOL JEM-2100F electron microscope 
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(USA). Functional groups were identified using a Bruker-Alpha Fourier transform 
infrared spectroscopy (South Africa). 
 
6.3.3 Functionalisation of carbon nanofibers 
The surface modification of CNFs with amine functional groups followed a 
hydrothermal route reported in our previous study [38]. Briefly, a 250 mg mass of 
CNFs was added to a 100 mL solution of G3-PPI in water (5% w/v), followed by 
ultrasonication for 30 min to obtain a homogeneous dispersion. The homogeneous 
dispersion was put into a 100 mL Teflon-lined autoclave and heated for 6 h at 180 
°C. The black suspension was allowed to cool to room temperature, filtered and 
washed with ethanol and deionised water. The CNFs-PPI composite was obtained 
by drying the material at 60 °C for overnight. 
 
6.3.4 Preparation of the aptasensor 
The protocol for making up the biosensor is shown in Figure 6.1. The CNFs-PPI 
dispersion was prepared by adding 20 mg of CNFs-PPI into 5 mL of DMF and 
ultrasonicated for 30 min to obtain a homogenous, stable dispersion. Prior to 
modification, the GCE was cleaned by polishing with α- Al2O3 slurry of varying sizes 
(1.0, 0.3 and 0.05 µm) sequentially. The electrode was rinsed with distilled water 
between each polishing step. This was then followed by ultrasonication in ethanol 
and water for 30 sec, respectively, to remove any residual α- Al2O3 slurry on the 
electrode surface. The electrode was then cleaned electrochemically by CV 
scanning between -0.5 to 1.5 V in 0.5 M H2SO4 at a rate of 100 mV.s-1. The treated 
GCE was then rinsed with distilled water and dried under a stream of argon gas. A 
20 µL volume of the prepared dispersion was dropped on the electrode to form 
CNFs-PPI composite layer on the electrode surface (GCE/CNFs-PPI) and the 
solvent was allowed to evaporate at room temperature for overnight. The modified 
electrode was rinsed with deionised water and immersed into a 1% glutaraldehyde 
solution for 2 h. Thereafter, the prepared electrode was then rinsed with PBS, pH 
7.25 to wash off any uncross-linked glutaraldehyde. Subsequently, aptamer 
attachment was carried out by the incubation of the glutaraldehyde treated electrode 
with 10 mM Tris-HCl buffer solution (pH 7.6) containing 2 µM aptamer for 2 h, to 
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immobilise the 5’-NH2 modified ssDNA aptamers (NH2-Apt). The electrode surface 
was again rinsed with PBS, pH 7.25, to remove any unbound or weakly bound 
aptamers on the surface of the electrode. This modification step resulted into an 
electrode denoted as GCE/CNFs-PPI/NH-Apt, which is the aptasensor. For 
comparison studies, GCE/CNFs was prepared in the same manner, using a CNFs 
dispersion. GCE/PPI was prepared by electrodepositing G3-PPI onto GCE from 10 
mM PPI dissolved in 0.1 M PBS. The potential was applied between -100 mV and 
1100 mV at a rate 50 mV.s-1 for 10 cycles. 
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6.3.5 Design Strategy of the aptasensor 
As illustrated in Figure 6.1, the oligonucleotides immobilised on the surface of 
GCE/CNFs-PPI acted as long channels which allowed the flow of [Fe(CN)6]3-/4- 
redox probe to reach the surface of GCE/CNFs-PPI. In the absence of BPA, the 
DNA strands were believed to remain unfolded, acting as open gates that allowed 
the movement of electrons to the GCE/CNFs-PPI surface. However, when BPA was 
added, the aptamers adopted a G-quadruplex conformation that blocked electron 
transfer to the electrode. The adopted G-quadruplex also showed the negatively 
charged backbone of the DNA strands to the anionic [Fe(CN)6]3-/4-, thus further 
increasing the repelling force to electron flow [39, 40]. 
 
6.3.6 Electrochemical measurements 
The biorecognition of BPA molecules by the aptamer was conducted by dropping 
20 µL volumes of the binding buffer (25 mM Tris–HCl, pH 8.0 with 100 mM NaCl, 10 
mM MgCl2, 25mM KCl) containing a given BPA concentrations on the aptasensor 
and allowed to incubate for 2 hours at room temperature, and thoroughly rinsing 
with PBS to remove any unbound BPA. All electrochemical experiments were 
conducted in 5.0 mM [Fe(CN)6]3-/4- containing 0.10 M KCl solution. Differential pulse 
voltammetry (DPV) experiments were conducted under the following parameters: 
The potential application set between -0.3 and 1.0 V, with a pulse height of 50 mV, 
the step height of 50 mV and the frequency of 5.0 Hz. EIS experiments were 
conducted at a bias potential of 0.22 V, a perturbation amplitude of 10 mV and a 
frequency range of 100 KHz to 100 mHz. Cyclic voltammetry (CV) experiments were 
conducted at potential set between -0.5 and 1.2 V, at a scan rate of 50 mV.s-1. All 
experiments were conducted at room temperature. 
 
6.4 Results and discussions 
6.4.1 Physicochemical characterisation 
As shown in Figure 6.2a, the surface modification of CNFs with amine functional 
groups was indicated by the appearance of a stronger and broader absorption 
bands at 1624 cm−1 which was assigned to N–H bending. Furthermore, a weak 
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characteristic peak situated at 1117 cm-1 was attributed to C–N stretching. The peak 
at 3236 cm-1 was also associated with amine signals of the PPI dendrimer [41, 42]. 
It is worthwhile to mention that the PPI periphery amine groups (in the CNFs-PPI 
composite) not only favoured the homogenous dispersion of CNFs, but also assisted 
in the immobilisation of the aptamers. A single weak absorption band observed at 
2923 cm-1 in CNFs-PPI-Aptamer spectrum was the characteristic vibration 
frequency of secondary amides [43]. In this work, the free aldehyde groups (–CHO) 
of glutaraldehyde allowed for covalent immobilisation of the ssDNA probe (aptamer) 
by cross linking the PPI amine groups with those of the DNA (see Figure 6.1). The 
covalent bond thus formed assured a strong grafting of the DNA molecules onto the 
GCE/CNFs-PPI surface.  
 
In order to confirm the surface modification of CNFs with amine functional groups, 
CHNS elemental analysis was conducted on the pristine CNFs and CNFs-PPI 
samples. Table 6.1 shows an increased nitrogen content on the modified CNFs, 
indicating a successful modification. 
 
Table 6.1: Comparison of pristine CNFs and PPI-modified CNFs using CHNS. 
Sample Carbon % Hydrogen % Nitrogen % 
CNFs 99.61 – 0.04 
CNFs-PPI 90.60 0.140 0.50 
 
Prior to hydrothermal treatment with PPI, the CNFs comprised of pure graphitic 
conical platelets, with an estimated diameter of about 100 nm, and lengths from 20 
to 200 μm (Figure 6.2b). After treatment with PPI, TEM image of CNFs-PPI (not 
shown) retained a similar structure to that obtained from CNFs (Figure 6.2b). 
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a)  
b)  
Figure 6.2: a) FT-IR spectra of CNFs, CNFs-PPI and CNFs-PPI/NH-Apt; b) 
Transmission electron micrograph of carbon nanofibers. 
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6.4.2 Electrochemical characterisation. 
Figure 6.3a shows the CV plots of the electrodes. At bare GCE, a redox couple was 
observed with an anodic peak current (Ipa) of 73.1 µA. When the electrode was 
electrodeposited with PPI, a slight increase in Ipa of up to 85.152 µA was observed, 
due to an enhancement in [Fe(CN)6]3-/4- electro-kinetics to the GCE/PPI surface, 
owing to the force of attraction existing between cationic PPI layer and [Fe(CN)6]3-
/4-. Moreover, the PPI nanometric dimension enhanced the electroactive surface 
area of GCE/PPI for faster electron transfer processes [20, 23, 29]. When CNFs 
were used as the modifier, an increment in Ipa of up to 187.5 µA was observed, 
indicating that CNFs effectively increased the electron transfer rate between surface 
of GCE/CNFs and the redox probe, which was as a result the good electrical 
properties and the large electroactive surface area of CNFs. When the composite 
material (CNFs-PPI) was used, the highest Ipa of ca 247.9 µA was observed, which 
was higher than the individual modification with PPI and CNFs. This suggested that 
PPI and CNFs worked in synergy in terms of enhancing the kinetic processes on 
the electrode surface. When the DNA strands were immobilised onto GCE/CNFs-
PPI, the Ipa of [Fe(CN)6]3−/4− reduced to 174.1 µA, presumably due to the poor 
conductivity of the bulky BPA aptamers and the force of repulsion between the 
anionic aptamers and [Fe(CN)6]3−/4−. This reduction in Ipa served as an indication 
that the immobilisation of aptamers onto GCE/CNFs-PPI surface was successful. 
 
From the scan rate study (Figure 6.3b), it was observed that Epa and Epc were not 
dependent of scan rate, Ipa/Ipc ≈ 1 and Ip versus ν1/2 was linear with a coefficient of 
determination (R2) of 0.9946. Such findings showed that the electrochemistry of the 
redox probe at the GCE/CNFs-PPI surface was a reversible process with a diffusion-
controlled kinetics. The slight change in peak potential at scan rate increased can 
also be used a measure of the stability of the CNFs-PPI film. 
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a)  
 
Figure 6.3: a) CV overlay of the different electrodes, b) CV of GCE/CNFs-PPI at 
different scan rates. Insert: Sevcik-plot. 
 
b) 
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6.4.3 Detection of BPA by the aptasensor 
Prior to the application of the aptasensor, the concentration of the aptamer, aptamer 
incubation time and aptamer-BPA complexation time were optimised using DPV in 
order to get the best detection conditions. The effect of aptamer concentration on 
current changes (ΔIp, i0 – i, where i is the anodic peak current after biorecognition 
event with BPA, while i0 is the initial anodic peak current before biorecognition event) 
were studied from 0.5 µM to 10 µM. As observed in Figure 6.4a, ΔIp increased with 
increasing aptamer concentrations until a maximum value for 2 µM. The decrease 
in ΔIp afterward could have been attributed to the steric hindrance which restricted 
optimum aptamer binding to BPA at aptamer concentrations beyond 2 µM. For this 
reason, 2 μM was taken as the optimal BPA concentration. The effect of aptamer 
incubation time on ΔIp was also studied from 5 min to 180 min and responses are 
shown in Figure 6.4b. The highest response was obtained at 60 min, which was 
thus adopted as the optimum aptamer incubation time. Lastly, the effect of aptamer-
BPA complexation time on ΔIp was investigated from 15 min to 240 min. From this 
study, as illustrated in Figure 6.4c, 120 min exhibited the highest response and was 
selected as optimum BPA incubation time. 
 
a)  
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b)  
c)  
Figure 6.4: Optimisation of a) aptamer concentration, b) aptamer incubation time 
and c) aptamer-BPA complexation time. 
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Under optimum conditions, the aptasensor’s performance was investigated by 
detecting BPA in standard solutions of varying concentrations by means of 
differential pulse voltammetry (DPV) as shown Figure 6.5a. The peak current 
responses of redox probe were inversely proportional to increasing BPA 
concentrations, owing to the inhibition of the current flow as the amount of G-
quadruplex structures increased. A linear calibration plot was found for BPA 
detection within a linear range 0.1 nM – 10 nM (Figure 6.5b), with regression 
equation of ΔI (µA) = 18.44813x + 40.08274 (R2 = 0.9920). The detection limit was 
found to be 0.03 nM (n = 3). 
 
Furthermore, EIS was also studied to characterise the sensitivity of the aptasensor 
with charge transfer resistance (Rct) as a dependent variable as illustrated in Figure 
6.5c. Rct was obtained by fitting the circuit into the well-known Randles-circuit 
(Figure 6.5c inset). The Rct increased directly proportional to the concentration of 
BPA after the binding had occurred between the aptamer and BPA. This relationship 
can be explained by considering the increased steric hindrance on the biosensor 
due to the adapted structure of the aptamer after binding to BPA. The obtained 
detection limit was 0.0586 nM (n = 3), gotten from a curve plotted between Rct and 
the logarithm BPA concentrations, described by a regression equation Rct (Ω) = 
256.05433x + 2367.16031 (R2 = 0.9944) (Figure 6.5d). The obtained detection 
limits in this study using DPV and EIS were in agreement, and comparable to some 
of those obtained in other existing electrochemical methods for BPA detection 
(Table 6.2). 
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a)  
b)  
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d)  
Figure 6.5: a) DPV responses of the aptasensor for the detection of varying BPA 
concentrations (0.1, 1.0, 2.0, 5.0, 7.0, 8.0 and 10 nM), b) Calibration plot of the 
biosensor c) Nyquist plots of the aptasensor for the detection of varying BPA 
concentrations (1.0, 2.0, 5.0, 7.0, 8.0 and 10 nM), d) EIS calibration plot of the 
biosensor. 
c) 
Chapter 6: A Polypropylene Imine Dendrimer – Carbon Nanofiber Based Aptasensor For Bisphenol A 
 
  161 
Table 6.2: Comparison of limit of detection (LOD) for some developed 
electrochemical biosensors for BPA detection, using a 63-mer sequences BPA 
aptamer. 





MWCNT/SiO2@Au SWV 0.1 - 100 0.01 [2] 
MWCNTs-COOH/CHIT DPV 0.2 – 2 0.38 [16] 
GNPs/GR DPV 10 - 10000 5 [39] 
Au/CuFe2O4-Pr-
SH/MWCNTs 
DPV 0.05 - 9 0.03 [40] 
PtNPs/PEI/CNTs-COOH DPV 1 - 20 0.21 [41] 
f-MWCNTs/AuNPs SWV 0.1 - 10 0.05 [44] 
MWCNT/Fe3O4-SH DPV 0.1 - 8 0.03 [45] 
CNFs-PPI DPV 0.1 - 10 0.03 This work 
CNFs-PPI EIS 1 - 10 0.06 This work 
 
6.4.4 Selectivity and reproducibility of the aptasensor 
In order to evaluate the selectivity of the proposed biosensor, different compounds 
structurally analogous to BPA were studied as interfering species in the aptasensing 
of BPA. Figure 6.6 shows that in the presence of phenol, 17β-estradiol, 17α-
ethynylestradiol, and 4-phenylphenol, the current responses were comparable to 
that of the BPA alone, though their concentration were 10 times higher than that of 
BPA (1 nM BPA was studied against 10 nM interferents). These results suggested 
that the biosensor reported in this work has a good selectivity. The reproducibility of 
the biosensor was studied by the analysis of three similarly prepared aptasensors 
for detecting the same BPA concentration. A standard deviation (RSD) of 6.2% was 
obtained, confirming a good reproducibility of the biosensor. 
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Figure 6.6: Target selectivity of the developed electrochemical aptasensor. 
 
6.4.5 Application of the aptasensor 
The applicability of the biosensor for BPA quantification was tested in real water 
samples by a method of standard addition. Water samples were diluted with Tris-
HCl buffer solution, and the obtained data was recorded (Table 6.3). The recoveries 
were in the range of 91.8 to 100.3%, which show that the proposed biosensor could 
be used for the detection of BPA in water for environmental monitoring. 
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Table 6.3: BPA detection in real water samples (n = 3). 
 
6.5  Sub-conclusion 
In this work, a nanocomposite comprising of a dendrimer-functionalised carbon 
nanofiber was successfully prepared through a hydrothermal route and used as an 
immobilisation layer for the development of a BPA aptasensor. The electrochemical 
performance of the electrode and aptasensor were enhance by synergic contribution 
from the dendrimer and carbon nanofibers composite. The detection of BPA with 
the biosensor was tested by both voltammetry and impedance spectroscopy and 
exhibited low detection limits of 0.03 nM and 0.06 nM, respectively. The potential 
for practical use was demonstrated with real sample detection of BPA and selectivity 
in the presence of interferents of higher concentrations. 
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Three electrochemical sensing systems were successfully developed for 
quantitative detection of BPA both in standard and real samples. The well-known 
challenge of electrode fouling of BPA was mitigated in this study by using an anti-
fouling exfoliated graphite electrode (sensor). The sensor was robust and hence 
allowed continuous regeneration by mechanical polishing of fouled surfaces. To 
enhance the limit of detection, silver nanoparticles were incorporated as signal 
modifiers. We successfully characterised the as-prepared material using a variety 
of tools such as EDX, SEM, XRD and CV, which all confirmed that silver 
nanoparticles were loaded on the exfoliated graphite substrate. We extracted BPA 
from different thermal papers and demonstrated the efficacy of our method for BPA 
anti-fouling detection and the results were of analytical relevance. This work agrees 
with one of the philosophies of sensing – simplicity. Furthermore, exfoliated graphite 
electrodes are not popular in the electrochemistry community. Thus, the use of this 
material as an electrode can create interest in the electrochemistry and sensing 
communities. 
 
This work also demonstrated the development of two biosensors through the 
immobilisation of single stranded aptamers on nanostructured immobilisation layers 
with controlled surface chemistries. These detection tools were fabricated as 
follows: 
 
(1) Using acid treatments and in-situ reductive reactions, we introduced new 
functionalities (e.g., oxygen moieties and silver nanoparticles) on the walls of 
CNFs, which were later used as wires for the immobilisation of thiol-modified 
aptamers. Characterisation tools such as TEM, FT-IR, CHNS, XRD, EDX and 
CV were to study the fabricated material. The introduced functional groups 
imparted stable dispersions of CNFs, enhanced electrochemical reactions 
and provided biocompatible environments for retained bioactivity of 
aptamers. 
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(2) Following a hydrothermal reaction, amine functional groups from a third 
generation PPI dendrimer were introduced on the surface of CNFs. This was 
confirmed by characterisation tools such as CHNS, TEM and FT-IR. These 
amine groups were exploited as immobilisation agents for amine-
functionalised aptamers, using glutaraldehyde as a cross-linker. The 
introduced amine functional moieties also improved the hydrophilicity of 
CNFs and created a biocompatible environment for the biomolecules. 
 
The two biosensors were then applied in real water sample analysis for BPA 
detection. Owing to the properties of the nanostructured immobilisation platforms, 
these sensing systems exhibited significantly improved detection limits. Moreover, 
attributed to the high affinity and specificity of the aptamers, the devices were also 
very specific to BPA. Owing to good biocompatibility of these platforms, the 
biosensors exhibited long term stabilities. Lastly, because of the simplicity of 
fabrication protocols, both biosensors were reproducible. 
 
Endocrine disruption is a widespread health issue and hence, focusing research into 
detection tools for endocrine disrupting compounds cannot be overemphasised. 
This thesis contributes to the body of knowledge in electrochemical sensors and 
biosensors for BPA, a well-known and much studied endocrine disrupting 
compound. Detection of BPA by (bio) sensors is being applied widely in a variety of 
matrices but issues electrode fouling and non-specificity had always prevailed. This 
thesis provides state-of-the-art anti-fouling and target specific sensing methods for 
the detection of BPA in a variety of environmental matrices. 
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7.2  Recommendations for future works 
Glassy carbon electrode modifications through drop-casting methods are 
susceptible to leaching during electrochemical measurements. Hence for future 
work, the use of screen-printed electrodes is recommended. This will reduce the 
leaching issue since screen-printed electrodes operate in a “faced up” configuration. 
 
The immobilisation of the aptamers on the silver nanoparticles-carbon nanofibers 
composite platform was only confirmed electrochemically using CV and EIS. For 
future references, it is recommended that this be checked and characterised by the 
existence of the Ag−SH bond in the X-ray photoelectron spectroscopy (XPS) 
spectrum. Furthermore, in order to prove the successful modification of carbon 
nanofibers with nitrogen, XPS data will also be needed. 
 
Immobilisation platforms constructed herein for the detection of BPA integrates 
various functional components required for detection and adopts new types of nano-
assembly. For future work and exploiting the versatility of our platforms, the 
aptamers used in biosensor fabrication processes can be easily changed, allowing 
various endocrine disputing compounds to be detected by these devices. 
 
The silver loaded exfoliated graphite electrode was susceptible to non-
homogenisation during the polishing of fouled surfaces on emery paper. As the 
composite surface was renewed, different surface compositions were obtained, 
making it difficult to reproduce the response for some BPA concentrations. For 
future works, it is suggested that instead of compacting the composite into a pellet, 
the composite be packed into a polystyrene tube and be provided with a copper 
electrical contact. The surface of the electrode can be smoothed by polishing on a 
piece of white plain paper while a slight manual pressure is applied to the copper 
piston. For regeneration of the electrode between electrochemical measurements 
of BPA detection-dealing with electrode fouling, a thin layer of the fouled surface 
can be removed by extrusion of the composite out of the tube by applying a little 
pressure to the copper piston. A fresh surface will thus show up, be smoothed on a 
plain white paper and be ready for a subsequent BPA oxidation. 
 
